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ABSTRACT
STIMULI-RESPONSIVE SUPRAMOLECULAR ASSEMBLY, DISASSEMBLY AND
IMPLICATIONS
FEBRUARY 2015
JING GUO, B.E., B.A., UNIVERSITY OF ELECTRONIC SCIENCE AND
TECHNOLOGY OF CHINA
M.S., CHINESE ACADEMY OF SCIENCES
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Sankaran Thayumanavan

Stimuli-responsive systems have attracted wide interest due to their applications in
a variety of areas such as drug delivery and sensing. Stimuli-responsive systems that are
triggered by secondary biological changes have been studied extensively. Primary
biological changes, such as protein imbalances and enzymatic activity, are intrinsic to
certain types of diseases, and thus have drawn increasing attention in triggering stimuliresponsive systems in areas such as drug delivery. This thesis first provides a concept of
increasing stimuli-responsive selectivity by designing a system that only responds in the
concurrent presence of two complementary primary biological stimuli, protein and enzyme.
A dendritic assembly platform was used to test this concept. Each dendron was equipped
with a protein specific binding ligand and an enzymatic responsive moiety. The results
showed release of the report units that were covalently attached to dendrons when two
stimuli concurrently presented, while no obvious release was observed with one trigger
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alone. By locking the aggregates in their aggregated state, this response is turned off, and
unlocking the assembly resumes the dual triggered disassembly process.
With the need to test the concept of dual triggered release without covalently
attached report units, the thesis also investigated the above-mentioned concept with noncovalently attached dye molecules as report units, as in a real-life application, synthesis of
a prodrug is not always feasible. Again, the studies showed faster initial rate of release and
more overall release with two stimuli in comparison to one stimulus alone.
Mix micelles, a system that mixed two dendrons with different protein specific
binding ligand, were prepared to introduce a multi-stimuli responsive feature. The results
showed mix micelles can respond to two protein stimuli as well as to enzymatic activity.
Stable and size-tunable aggregates are also drawing the attention of the scientific
community for utilization in a variety of applications in biomaterials and sensing materials.
This thesis also demonstrates the design of aggregates whose size is tunable by taking
advantage of the lower critical solution temperature (LCST) behavior of polyethylene
glycol (PEG). The aggregates were then crosslinked through thiol-yne Click chemistry to
stabilize the aggregate size, and upon incorporating the appropriate stimulus, the
crosslinked aggregates were disassembled.
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CHAPTER 1
INTRODUCTION

Adapted with permission from Raghupathi, K.; Guo, J.; Munkhbat, O.; Rangadurai,
P.; Thayumanavan, S. Supramolecular Assembly and Disassembly of Facially Amphiphilic
Dendrimers. Accounts of Chemical Research 2014, 47, 2200-2211. Copyright © 2014
American Chemical Society.

1.1 Introduction
Supramolecular assemblies are often formed as a result of spontaneous organization
of inherently disordered components into stable organized structures, and are quite
common in nature. In efforts to emulate the efficacy of nature, synthetic analogues have
been the subjects of investigations in numerous biomimetic architectures.1-3 The nature of
the assemblies and the kinetics of their formation are usually governed by non-covalent
interactions. For example, assemblies such as micelles, liposomes, fibers, and thin films
have profound implications in the field of sensing, drug delivery, and diagnostics.4-7 In
solution, supramolecular assemblies are often driven by interactions between the assembly
and surrounding solvent. The ability of an amphiphilic molecule to form a micelle is
determined by its concentration in solution (must be above its critical aggregate
concentration) and by the hydrophilic-lipophilic balance provided by the constituent
functional groups. In addition, whether an amphiphile can form a micelle, vesicle or
another assembly is determined by the relative position and the volume of its functional
groups.8-10
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Macromolecular amphiphiles exhibit lower CACs compared to smaller molecules,
and tend to assemble into more thermodynamically stable aggregates. Therefore, the
assemblies formed from amphiphilic dendrimers and polymers have been of particular
interest. This dissertation will primarily focus on the assemblies formed by a unique class
of dendrimer-based amphiphiles, called facially amphiphilic dendrons.

1.2 Facially Amphiphilic Dendrons
First reported by the Thayumanavan research group in 2001,11 facially amphiphilic
dendrons are formed from repeat units containing both hydrophilic and hydrophobic
functional groups. This class of macromolecular amphiphiles was inspired by the
contrafacial amphiphiles, glycosylated cholic acid based amphiphiles, molecular harpoons
and umbrellas studied in the 1990s.12-15 Dendrimers are typically synthesized using
monomeric synthons that contain an ABn building block, where A and B are reactively
complementary. The most common building block involves an AB2 monomer; 3,5dihydroxybenzyl alcohol is an example of a monomer for benzyl ether dendrons.16 Our
group first imagined the introduction of a hydrophilic and a hydrophobic functional group
at either face of this planar building block in a biphenyl moiety. Drawing inspiration from
simple molecular models, we hypothesized that the inherently twisted biaryl will allow the
hydrophilic and the hydrophobic functional groups to occupy a plane orthogonal to that
containing the phenolic and the hydroxymethyl functional groups (Figure 1.1). It was
hypothesized that the solvophobic forces, combined with macromolecular features of the
dendrons, would force these molecules to fold such that the hydrophobic functional groups
will be presented within the dendritic interiors, while presenting the hydrophilic functional
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groups on the surface. We have found that amphiphilic aggregates formed from these
dendrons are several tens of nm in size.17 Although much larger in size than originally
anticipated, since these molecules are formed in aqueous solutions, and since these can act
as containers for hydrophobic guest molecules, we called these micelle-like aggregates.

Figure 1.1 (a) Schematic showing orthogonal placement of amphiphilic units in each layer
of the facially amphiphilic dendron. (b) Example of a facially amphiphilic G2 dendron.

We also hypothesized that these dendrons will not only form hydrophobic
assemblies in water, but also will form hydrophilic nanocontainers in apolar solvent.17
3

These dendrons, when dispersed in toluene, formed inverse micelle like aggregates that are
capable of encapsulating hydrophilic guest molecules (Figure 1.2). In this case, it is
possible that the functional group presentation on the surfaces is dictated by the difference
in compatibility of the solvent with the functional groups at either face of the dendron. If
this hypothesis were correct, then dendrons with oligoethyleneglycol (OEG) and decyl
moieties as hydrophilic and hydrophobic groups respectively should not form
supramolecular assembly in solvents such as THF or DMF, which was found to be true.18

Figure 1.2 Schematic representation of solvent-dependent supramolecular assemblies
formed from facially amphiphilic dendritic structures.

The assemblies obtained from facially amphiphilic dendrons were found to be quite
large. We hypothesized that these systems do not have sufficient backbone flexibility and
lack the curvature required to form spherical assemblies. To test this hypothesis, we
amplified this lack of flexibility by synthesizing a series of structurally similar dendrons
using smaller building blocks, which formed considerably larger assemblies.19 Similarly,
the availability of all functional groups for recognition, a critical feature for proteininduced disassembly, was ascertained using our studies on interactions of these dendrimers
with proteins and silica surfaces.20-22
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1.3 Stimuli-Sensitive Amphiphilic Assemblies
The fact that these facially amphiphilic dendrons tend to aggregate in aqueous
solutions also presents us with a unique opportunity. These molecules exhibit CACs that
are similar to those observed for amphiphilic polymers, but also allow for the development
of a well-defined structure-property relationship that is often relegated to small molecules.
A specific opportunity, with these dendron assemblies, involves the incorporation of
functional groups that make them respond to an environmental change. The structureproperty relationships derived from these well-defined macromolecular structures can be
used to develop the next generation of stimuli-responsive assemblies that have implications
in a variety of areas including drug delivery, sensing, and diagnostics.23

1.3.1 Secondary Stimuli Responsive Amphiphilic Dendrons
Among the secondary responses, temperature and light responsive materials have
been of particular interest due to their high impact on drug delivery and morphological
control. Temperature responsive systems are one of the most widely studied fields of
stimuli-responsive assemblies, where a slight change in temperature results in a
considerable change in the material’s physical properties. Among the various molecules
studied, poly(N-isopropylacrylamide) (PNIPAAM) and polyethylene glycol (PEG) based
polymers are arguably the most studied.24-26 Generally, the ability of these materials to
hydrogen bond with water is believed to be the source of this responsiveness to changes in
temperature. As the temperature of the solution increases, this hydrogen-bonding network
is disrupted, thereby reducing their solubility in the aqueous phase. The temperature at
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which the solution turns turbid, or the cloud point transition, is often referred to as the
lower critical solution temperature (LCST).
Dendrons G1-G3 composed of temperature-sensitive pentaethylene glycol (5EG) as
the hydrophilic moiety and decyl groups as hydrophobic moiety were synthesized (Figure
1.3).27 These dendrons assemble in aqueous solution to form micelle type assemblies, as
determined by dynamic light scattering (DLS) and transmission electron microscopy
(TEM) measurements. As observed from turbidity measurements, the LCST transitions for
these assemblies were found to be 42 °C, 32 °C, and 31 °C for G1, G2, and G3
respectively. To investigate generation dependence further, we synthesized a well-defined
series of linear oligomers based on oligoamines (from monomer to hexamer) and found that
covalently attaching ethylene glycol moieties do provide cooperativity in temperature
sensitivity (Figure 1.3).28 This cooperativity is likely to be the observed generation
dependence in temperature sensitivity as well.

6

Figure 1.3 (a) Temperature sensitivity of amphiphilic dendrons with 5EG moiety as
the hydrophilic unit. (b) Temperature sensitivity of amphiphilic oligoamine scaffolds with
5EG moiety as the hydrophilic unit. (c) Structure of the G3 dendron. (d) Structure of
amphiphilic oligoamine scaffold, represented by the tetramer.
Light-sensitive materials have several advantages;29-30 for example, these materials
have the potential of being non-invasive and site-specific drug delivery vehicles. Our group
imagined the possibility of achieving a change in HLB in response to light. We therefore
equipped photo-sensitive o-nitrobenzyl moieties with an alkyl chain as the hydrophobic
moiety and 5EG units as hydrophilic moiety in the dendron,31 and these dendrons formed
micelle-like assemblies as expected. Exposing the dendron based assembly to light (360 nm)
resulted in the cleavage of the hydrophobic o-nitrobenzyl ester, resulting in the formation
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of a carboxylic acid moiety on the dendron and the release of the hydrophobic
nitrosobenzaldehyde byproduct (Figure 1.4). Since the dendrons resulting from this
reaction are hydrophilic on either face of the dendron, this molecule loses its capability to
form assemblies, resulting in triggered disassembly.

Figure 1.4 (a) Structure of second generation (G2) photo responsive dendron, (b) Light
induced cleavage of hydrophobic unit causes simultaneous i) release of onitrosobenzaldehyde moiety, and ii) display of hydrophilic carboxylate functionality on the
dendron.

1.3.2 Primary Stimuli Responsive Amphiphilic Dendrons
Many of the stimulus-responsive assemblies were inspired by their implications in
biological applications. In this context, most of the pathological imbalances are caused by
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aberrant protein activity. Therefore, supramolecular systems that respond to these primary
imbalances, i.e. variations in protein concentrations, are of great significance, but are
relatively under-explored. The facially amphiphilic dendron based assemblies provided a
unique opportunity to explore this possibility.
Our group was particularly interested in the dendritic assemblies that are capable of
responding to enzymatic activity. For this purpose, dendrons with orthogonally placed
hydrophilic 5EG and hydrophobic hexyl ester (enzyme substrate) components were
prepared (Figure 1.5).32

Consistent with previous experiments, the G1, G2, and G3

dendrons exhibited CAC of 4.3 µM, 0.7 µM, and 0.3 µM, respectively compared to the
mM CAC observed for the small molecule analogue. Upon introducing the enzyme,
porcine liver esterase (PLE) to these assemblies, reaction induced disassembly was evident
from the fact that micelle-like assembly of ~100 nm in size (obtained by DLS) exhibited a
time-dependent decrease in size. The observation is that the disassembly is due to the
enzyme-induced cleavage of the hydrophobic ester moiety to generate a hydrophilic
carboxylate moiety, which should upset the HLB of the assembly. This assertion is further
supported by a control reaction, where PLE did not have any effect on the micelle-like
assembly formed from a similar dendron, lacking only in the enzyme-cleavable ester
moiety (Figure 1.5).

9

Figure 1.5 (a) Structures of enzyme responsive G2 dendron and a corresponding control
G2 dendron. Exposure of these dendrons to enzyme (PLE) causes: (b) Cleavage of enzymesensitive linker, leading to loss of dendron’s amphiphilicity, and (c) No effect on the
control dendron.
It is important to note that the cleavable functional groups must be spacially
available to the enzyme in order for the carboxylation reaction to occur. Considering that
the enzymes are comparatively large, and that the enzyme-responsive units are buried at the
hydrophobic core of the micelle-like assemblies, the equilibrium between monomeric state
and the aggregate state of the dendron must be involved. The ester moieties are only
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accessible to the enzyme in its unimeric state, while these units are buried in the
hydrophobic core in the aggregate state. Even if the equilibrium heavily favors the
aggregate state, the dendritic assembly can be slowly disassembled due to the LeChatelier
effect.
The kinetics of the enzyme-induced disassembly process were found to be
generation-dependent, i.e. the higher generation dendrons disassemble and release the guest
molecules at a slower rate in comparison to the lower generation dendrons. This could be
either due to the difference in spacial availability of the substrate moieties to the enzymes
arising from steric hindrance, or due to the possibility that higher generation dendrons may
have higher residence time in the aggregate state. While it might be difficult to identify the
actual cause, we were interested in examining whether the rate of the latter unimeraggregate equilibrium would influence the kinetics of disassembly and release. For this
purpose, we designed a dendritic molecule containing lipophilic fluorescent precursor
functionality, which releases the fluorophore in response to the enzymatic reaction.33
Simultaneously monitoring the release of non-covalently encapsulated guest molecules and
the cleavage of the hydrophobic moiety suggested that there is a link between covalent
bond cleavage and guest molecule release. This then led us to test the possibility of using
these dendrons for controlling the release of the guest molecules by limiting the extent of
dendron availability in a monomer-aggregate equilibrium. Since the hydrophobic
fluorophore in this case was based on coumarin, we utilized the photochemical
dimerization of coumarin to examine this possibility. We observed that guest molecule
release can be controlled by manipulating the extent of crosslinking in these
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nanoassemblies. These observations provide further support of the idea that the unimeraggregate equilibrium is involved in the enzyme-induced suparmolecular disassembly.
While the enzyme-sensitive disassembly represents a covalent and often irreversible
change in the hydrophilic-lipophilic balance, supramolecular disassembly based on noncovalent interactions is a significant challenge. Non-covalent interaction-based disassembly
has the potential to have a great impact, as a large number of proteins take part in signal
transduction events through non-covalent interactions, yet have no known enzymatic
function. In general, stimuli-sensitive systems based on non-enzymatic proteins have been
examined to a much lesser extent. We hypothesized that the HLB of a dendron containing a
small molecule ligand (complementary to a specific protein) would be significantly
different from that of the protein-dendron complex, because a small molecule is replaced
by a rather large hydrophilic surface in the latter system (provided by the bound protein). If
the ligand-bearing dendron will form a stable assembly, this design may serve to stimulate
disassembly upon protein binding (Figure 1.6).
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Figure 1.6 (a) Illustration of protein-induced disassembly. (b) Structure of G2 dendron
with biotin (ligand) placed at the core of the dendron as a hydrophilic unit.

The idea of binding induced disassembly first with the ligand placed on the
hydrophilic side of the amphiphilic dendron has been explored (Figure 1.6).34 Dendrons
were synthesized by replacing one of their hydrophilic components with biotin moiety.
These dendrons form micelle-like assemblies and thus also encapsulate hydrophobic guest
13

molecules. When these assemblies were exposed to extravidin, a protein that has specific
binding complementarity to biotin, the micelle-like aggregates disassembled, as observed
with an apparent decrease in size using DLS. However, no disassembly was seen when
these assemblies were exposed to other non-complementary proteins. These observations
indicate that disassembly arises from specific protein-receptor interactions. Once the
disassembly event was confirmed by DLS, guest release was then studied by monitoring
the release of a hydrophobic fluorophore, pyrene. The guest release experiments also
supported the specificity of the supramolecular disassembly phenomenon, as exposure to
other non-complementary proteins showed very little release, if any.
In drug design, the most commonly targeted component of the protein is its
hydrophobic binding pocket, and hence most protein-specific small molecule ligands are
hydrophobic. Therefore, if we were to ultimately translate these fundamental findings, it is
critical that the repertoire of the binding-induced disassembly process to hydrophobic
ligand moieties be expanded. This is challenging, because these ligands will be buried in
the hydrophobic interiors of the micelle-like structures (Figure 1.7). However, we
previously noted the possibility of unimer-aggregate equilibrium during our investigation
of the enzyme-induced disassembly process. In this scenario, a ligand moiety placed on the
hydrophobic side of the facially amphiphilic dendron might still be available for protein
binding at the unimeric state of the equilibrium. Here too, the LeChatelier type effect can
affect the binding-induced supramolecular disassembly. This hypothesis was tested by
incorporating 2,4 dinitrophenyl (2,4-DNP) moiety to the terminus of a decyl chain in the
hydrophobic face of the dendron.35 It is well-established that anti-DNP immunoglobulin G
(aDNP-IgG) exhibits a sub-nanomolar binding affinity to 2,4-DNP.36 The assemblies,
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formed from these 2,4-DNP conjugated dendrons, indeed decrease in size and release the
encapsulated guest molecules upon exposure to IgG, but not to other non-complimentary
proteins. This disassembly process was not observed when a control dendron with similar
self-assembly characteristics, but without the complementary ligand moiety, was used. This
study greatly expands the scope of the binding-induced supramolecular disassembly, as in
principle this process can be potentially extended to any protein, as long as there is a
known ligand binding partner.

Figure 1.7 Illustration of protein-induced disassembly pathway available for hydrophobic
ligands through the unimer-aggregate equilibrium.
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1.4 Thesis Overview
This thesis work focuses on stimuli-responsive supramolecular assembly and
disassembly. In Chapter 2, to further investigate supramolecular disassembly and molecular
release caused by primary biological changes, an amphiphilic nanoassembly was designed
to respond to the concurrent presence of a protein and an enzyme. This molecular release
arises in the form of a fluorescence response that has been shown to be specific. It also
showed that this system can be modified to respond only if light stimulus is also present in
addition to the protein and the enzyme.

Demonstration of such supramolecular

disassembly principles could have wide implications in a variety of biological applications.
Non-covalently encapsulated dye release from the nanoassembly was studied to
further test the dual-protein triggered guest release concept in Chapter 3. Dye release
showed acceleration by the complementary protein and enzyme triggers. Mixing two
dendrons with different protein specific ligands will endow a mix micelle assembly with a
multi-stimuli responsive feature. Studies showed enhancement in dye release by this design.
Size-tunable assemblies are interesting due to a variety of applications such as in
biomaterials. It is essential to create stable and size-tunable assemblies in applications such
as drug delivery. In Chapter 4, a crosslinked assembly system was explored. The assembly
was crosslinked through thiol-yne Click chemistry and showed stable aggregates even in
organic solvent. Crosslinking the assembly with stimuli-responsive linker will make the
system disassemble due to the presence of stimuli.
Finally, Chapter 5 provides a summation of the work that has been done, and
provides several directions for future work. We hope that our work will have some impact
and inspiration in design of supramolecular assembly and disassembly.
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CHAPTER 2
PROTEIN AND ENZYME GATED SUPRAMOLECULAR DISASSEMBLY

Adapted with permission from Guo, J.; Zhuang, J.; Wang, F.; Raghupathi, K. R.;
Thayumanavan, S. Protein AND enzyme gated supramolecular disassembly. Journal of the
American Chemical Society 2014, 136, 2220-2223. Copyright © 2014 American Chemical
Society.

2.1 Introduction
Supramolecular assemblies that disassemble and release molecules due to a change
in their environment have been of interest in a variety of areas including sensing,
diagnostics, catalysis, and drug delivery.1-10 Supramolecular disassembly is often the result
of a chemical change that occurs in the key functional groups of the assembly in response
to the change in the environment, often referred to as the stimulus. Selectivity in stimulus
responsive disassembly is important for most of the targeted applications. A versatile
approach to enhancing selectivity involves the imposition that the disassembly will occur
only in the presence of two or more stimuli. This is reminiscent of molecular AND gates,
where systems involving fluorescence sensing have been previously demonstrated.11-20
These systems were mainly focused on changing a non-fluorescent small molecule into a
fluorescent species, or vice versa, in response to the concurrent presence of two stimuli.
These systems are useful in certain sensing and chemical logic gate applications, but are
not easily extended to protein-based systems, as the vast majorities are soluble only in
apolar solvents. Supramolecular disassembly due to the presence of two or more stimuli,
especially involving polymeric assemblies in aqueous phase, is also known.21-22 However,
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these systems have mainly focused on stimuli such as light, pH, redox conditions, and
temperature.23-36 While these stimuli have been of interest due to their implications in
biology, the imbalances in these factors in biology are considered to be secondary
indicators. The primary indicators of biological imbalances, and thus diseased tissue
locations, are variations in protein concentrations or enzymatic activity.

Therefore,

protein-responsive disassembly has been of recent interest.37-41 Considering the decisive
advantages of multi-stimuli responsive assemblies, we were interested in addressing the
challenge of designing a system that not only responds to proteins, but also that would
respond only due to the concurrent presence of two different proteins. We demonstrate a
versatile new molecular design that allows for such a supramolecular disassembly,
illustrated in Figure 2.1. We also further demonstrate that the same supramolecular system
can be modified to include a third AND input to generate the molecular release response.

Figure 2.1 Schematic representation of protein AND enzyme gated supramolecular
disassembly.
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2.2 Molecular Design and Synthesis
The molecular design strategy that has the potential to serve as protein-based AND
logic gate is shown in Figure 2.1. We will use a facially amphiphilic molecule to test this
design concept. In an amphiphilic micelle-like assembly, the hydrophobic units are buried
in the core of the assembly and therefore should not be accessible to an enzyme. For this to
be true, it is important that the equilibrium between the monomeric state of the amphiphilic
molecule and its aggregated state heavily favors the latter (represented by equilibrium a in
Figure 2.1).

We have previously shown that micelle-like supramolecular aggregates

formed from facially amphiphilic molecules can be disassembled due to a ligand-protein
binding event.39 Disassembly occurs due to the change in the hydrophilic-lipophilic balance
caused by the protein binding, i.e. the protein binding causes the equilibrium to shift to the
monomeric state of the amphiphile (represented as equilibrium b in Figure 2.1). We
hypothesized that by incorporating an enzyme-sensitive linker in the hydrophobic portion
of the amphiphile, we will favor the aggregated state in the absence of the protein, but
favor the monomeric state in the presence of the protein. This should generate a system that
would release a covalently bound molecule only in the presence of both protein stimuli
(determined by the difference in steps c and d in Figure 2.1).
To test this design hypothesis, we targeted the amphiphilic molecule 1 shown in
Scheme 2.1. In this molecule, the dinitrophenyl ligand (complementary and specific to
anti-DNP immunoglobulin G (IgG)) is presented at the hydrophilic face of the biaryl unit in
1.

Similarly, our design requires that the enzyme-sensitive unit be placed at the

hydrophobic portion of 1. We chose the acetal-functionalized coumarin ester as the
hydrophobic moiety, because (a) this functional group is capable of being cleaved by an
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esterase and (b) the product of the enzymatic reaction with this substrate is the highly
fluorescent coumarin, which allows for direct monitoring of the enzyme-induced molecular
release. Note that the coumarin moiety is presented at all three repeat units in 1, as this
feature provides the key to introduce a third stimulus into this process (vide infra).
Moreover, the presence of the pro-fluorophore in all three units also will produce optimal
fluorescence intensity in response to the presence of the protein and the enzyme.
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Target molecule 1 was synthesized through a multi-step modular synthesis. Briefly,
alkyne-based precursor molecule 4 was achieved by reacting the amphiphilic benzyl
bromide molecule 2 to amphiphilic biaryl unit 3 containing a 2,4-dinitrophenol (DNP)
ligand using alkylation reaction, as shown in Scheme 2.1. The alkyne precursor molecule 4
was reacted with coumarin azide 5 under the Huisgen 1,3-dipolar cylcoaddition reaction
conditions, the so-called “Click chemistry”, to yield target amphiphile 1.

2.3 Characterization of Supramolecular Assemblies
Measuring the size of the assembly using dynamic light scattering (DLS) revealed
that the size of the aggregates formed from these molecules was about 480 nm, even at
concentrations as low as 1 µM.

We have characterized these assemblies as micelle-like

aggregates, because these are not simple micelles. However, analogous assemblies do have
a hydrophobic core and are solid structures.37, 39, 41-43 The assembly size was monitored for
a 24 hour time period and the size of the assembly in solution did not change over this time
period (Figure 2.2). Probing the aggregates by transmission electron microscopy (TEM)
showed that these molecules indeed form spherical assemblies (Figure 2.3).
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Figure 2.2 (a) Size of various concentration of 1 in aqueous solutions. (b) Size of samples
in (a) after 24 h in room temperature.

Figure 2.3 TEM image of molecule 1 assembly (16.4 µM).

We then attempted to assess the critical aggregation concentration (CAC) of 1 using
guest encapsulation measurements. The CAC of molecule 1 assembly in aqueous solutions
has also been measured using the changes in emission peak intensity of encapsulated Nile
red (peak emission at 619 nm) during dilution. We stably encapsulated Nile red (15 w%)
within the assemblies. Starting with 1 mL of 15.85 µM molecule 1 solution, we replaced
25

100 µL solution with 100 µL Milli-Q water and recorded the peak intensity. Since there is
no discernible slope change during dilution, the CAC was not measureable. We presumed
that this could be due to an unusually low CAC, and therefore resorted to surface tension
measurements. Surface tension measurements were carried out using a pendant drop
apparatus at different concentrations of molecule 1 solution from 0.05 µM to 13.12 µM.
There was no obvious change in the surface tension in comparison to pure water within
concentration range measured (Figure 2.4). These results were considered to suggest that
the equilibrium strongly favors the aggregated state.

Figure 2.4 (a) Surface tension of molecule 1 in aqueous solution. (b) Fluorescent intensity
change upon dilution. (c) Plot intensity vs. concentration of molecule 1. The inset zooms
into the low concentration range.
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2.4 Dual Protein-Triggered Coumarin Release
The stimuli responsive characteristics of this assembly were studied in the presence
of protein, enzyme and a combination of the two using the release of fluorescent coumarin
as the probe. Figure 2.5a shows the results of this study using a 13 µM solution of
molecule 1 in the presence and absence of anti-DNP IgG and porcine liver esterase (PLE).
First, no fluorescence was generated in the absence of the stimulus (anti-DNP IgG or PLE)
or in the presence of anti-DNP IgG.

With PLE, there was a small generation of

fluorescence, indicating that the equilibrium a (Figure 2.1) significantly favors the
aggregated state of the amphiphile. However, in the presence of both anti-DNP IgG and
PLE, there was a rather rapid fluorescence generation in the solution indicating that antiDNP IgG influences the equilibrium to favor the monomer state in the equilibrium b. The
initial rate of ester cleavage in the presence of anti-DNP IgG and PLE was found to be
about 26 times faster than that in the presence of PLE alone.

The stimuli-induced

disassembly process was also monitored by DLS. Figure 2.5b shows that the size of the
assembly does not change in the absence of either of the proteins or in the presence of PLE
after 8 h. However, the size drastically changed in the presence of anti-DNP IgG, again
confirming the dominance of the monomeric state of the amphiphile in solution
(equilibrium b in Figure 2.1). Understandably, the size of the assembly was also small in
the presence of both anti-DNP IgG and PLE.
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Figure 2.5 Disassembly and coumarin release from 1 (13 µM) in the presence of anti-DNP
IgG (1 µM) and PLE (50 nM): (a) Fluorescence change with time. (b) Size change after 8 h,
monitored by DLS.

In order to examine if cooperative disassembly and molecular release is specific to
the anti-DNP IgG/PLE combination, we studied coumarin release in the presence of PLE
and other proteins, viz. pepsin (anionic, pI 2.2-3.0), chymotrypsin (cationic, pI 8.8) and
thrombin (neutral, pI 7.1). Figure 2.6a shows that only the anti-DNP IgG/PLE combination
generated the fluorescence response. The responses in the presence of other proteins were
indistinguishable from the PLE itself (Figure 2.5a).

Moreover, DLS shows that

disassembly does not occur in the presence of any of these proteins, once again supporting
the specificity of the disassembly and molecular release to the anti-DNP IgG/PLE
combination (Figure 2.6b and Figure 2.7 also).
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Figure 2.6 Studies of binding specificity enhanced dye release. (a) Fluorescent intensity
change upon time. (b) Size after 8 h, monitored by DLS.
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Figure 2.7 Control studies of binding specificity-enhanced release. (a) Fluorescence
intensity change with time. Samples are 1 control and 1 with non-specific binding proteins.
(b) DLS of (a) samples after 8 h.

To further test this specificity, we investigated a structurally similar molecule that
lacks the ester substrate and the DNP ligand moiety. It showed no change in size in the
presence of anti-DNP IgG (Figure 2.8a, b). We also tested dye release arising from the
presence of a nonspecific binding protein: IgG from rat serum. Incorporating nonspecific
binding protein IgG with PLE afforded small increase in guest release in comparison to
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PLE alone, which indicates that specific binding is required for dramatic guest release
(Figure 2.8c). Large aggregates (about 1000 nm) could be due to nonspecific interaction
between aggregates and IgG (Figure 2.8d).
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Figure 2.8 Control studies. (a) Structure of G1-PEG-DEC. (b) DLS of 1 µM anti-DNP IgG
solution, 13 µM G1-PEG-DEC solution and 13 µM G1-PEG-DEC with 1 µM anti-DNP
IgG. (c) Dye release caused by nonspecific binding protein: IgG from rat serum. (d) DLS of
experiment (c) after 8 h.
2.5 The Third Input – Light
We were interested in exploring whether we can introduce a third and non-protein
input into this scheme. Taking advantage of the fact that coumarin will form a dimer when
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irradiated by 365 nm UV light and will dissociate to reform monomeric coumarin under
256 nm UV light, we hypothesized that crosslinking the assemblies will lock the
aggregated state of the molecule and thus not allow for binding induced disassembly (step f,
Figure 2.1). Then, decrosslinking this aggregate in step e using a third stimulus, in this
case 256 nm UV light, will be an essential step to access the binding induced monomeric
state of the equilibrium b, as shown in Figure 2.1. To examine this possibility, the
hydrophobic coumarin units in the assembly were photo-crosslinked with 365 nm
irradiation. Figure 2.9 showed spherical solid aggregates around 400 nm in size. Figure
2.10a shows that the fluorescence generation quickly reaches a plateau in 15 min,
indicating that a small percentage of uncrosslinked molecule 1 was released in response to
protein binding and the enzymatic reaction.

To test the possibility of shifting the

equilibrium using the light stimulus, the assemblies were uncrosslinked by irradiating the
sample with 256 nm UV light at the 5 h time point. The coumarin release was observed at
this time point in the presence of anti-DNP IgG and PLE. This process was also monitored
by DLS. Before decrosslinking, the anti-DNP IgG or anti-DNP IgG/PLE combination
causes the assembly to increase in size – likely due to the aggregation caused by the antiDNP IgG binding (Figure 2.10b). After decrosslinking, disassembly indeed occurs in the
presence of anti-DNP IgG.
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Figure 2.9 (a) DLS of photo-crosslinked molecule 1 (X-1). (b) TEM image of X-1.
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Figure 2.10 Studies of crosslinked 1 (X-1) disassembly and coumarin release. (a)
Fluorescent intensity change upon time. 365 nm UV light was shined to samples before
experiment. 256 nm UV light was shined to samples at 5 h. (b) Size at 4 h and 8 h,
monitored by DLS.

2.6 Summary
In summary, we have shown that: (i) by designing an appropriate amphiphilic
molecule containing a protein-specific hydrophilic ligand moiety and enzyme-specific
hydrophobic substrate moieties, supramolecular assemblies that exhibit molecular release
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in the presence of both the complementary protein and the enzyme, but not in the presence
of either of these stimuli alone, can be achieved; (ii) the dual protein-responsive molecular
release is due to variations in the monomer-aggregate equilibrium in the presence and
absence of the complementary protein; (iii) a fluorescent signal can be generated by
incorporating a pro-fluorophore as the hydrophobic enzyme substrate; (iv) the fluorescence
response is specific to the protein/enzyme combination; and (v) by locking the aggregated
state of the equilibrium, the protein response characteristics can be turned off, which can
then be reversed by decrosslinking the aggregate, thus making the system responsive to a
third stimulus input. The supramolecular principles described here are likely extendable to
a variety of other stimuli and thus have potential applications in a variety of areas including
delivery and sensing.

2.7 Experimental Details
2.7.1 Materials and Methods
All chemicals and solvents were purchased from commercial sources and were used
as received, unless otherwise mentioned. All molecules without characterization data
mentioned below were synthesized through well-established synthesis procedures
previously reported by our group.44-45 Rat anti-dinitrophenol IgG was purchased from
Invitrogen as 0.5 mg in 0.5 mL solution and was used as such. Porcine liver esterase was
purchased from Lee Solutions. α-Chymotrypsin from bovine pancreas, thrombin from
bovine plasma, pepsin from porcine gastric mucosa, and IgG from rat serum were
purchased from Sigma Aldrich and were used as received.
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1H NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer using the
residual proton resonance of the solvent as the internal standard. Chemical shifts (δ) and
coupling constants (J) are reported in parts per million (ppm) and Hertz, respectively. The
following abbreviations are used for the peak multiplicities: s, singlet; d, doublet; t, triplet;
q, quartet; m, multiplet; dd, doublet of doublet; bs, broad singlet; bd, broad doublet; bm,
broad multiplet. 13C NMR spectra were proton decoupled and recorded on a Bruker 400
MHz NMR spectrometer using the carbon signal of the deuterated solvent as the internal
standard.

2.7.2 Synthesis Procedures and Characterization of Molecules
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Scheme 2.2 Synthetic schemes for target amphiphile molecule 1.

Synthesis of compound 6:

Hexaethylene glycol (5.0 g, 17.7 mmol) was dissolved in dichloromethane (DCM)
(50 mL) and cooled to 0 ˚C. To this solution was added p-toluenesulfonyl chloride (TsCl)
(7.5 g, 39.0 mmol), Ag2O (12.3 g, 53.1 mmol) and KI (1.2 g, 7.1 mmol). The reaction
mixture was stirred at 0 ˚C for 1 h, then filtered and washed by ethyl acetate to remove the
solid. The filtrate was concentrated under reduced pressure and the crude mixture was
taken to the next step without further purification. The crude mixture was dissolved in
anhydrous acetone (50 mL), and 2, 4-dinitrophenol (3.2 g, 17.7 mmol), K2CO3 (2.4 g, 17.7
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mmol) and 18-crown-6 (0.48 g, 1.8 mmol) were added under argon atmosphere. The
reaction mixture was refluxed under argon for 12 h and then slowly cooled to RT. After
evaporating the solvent, the resultant mixture was dissolved in ethyl acetate, and the
organic layer was washed twice with water. The organic layer was dried over Na2SO4,
concentrated under reduced pressure and the crude mixture was purified by column
chromatography (SiO2) with MeOH/DCM (5:95 v/v) to yield compound 6 as yellow oil
(1.3 g, 12%). 1H NMR (400 MHz, (CD3)2CO) δ: 8.72 (d, J=2.82 Hz, 1H, g), 8.53-8.49 (m,
1H, e), 7.82-7.80 (d, J=8.33 Hz, 2H, c), 7.68-7.65 (d, J=9.21 Hz, 1H, f), 7.49-7.47 (m, 2H,
b), 4.56-4.53 (m, 2H, d), 4.17-4.14 (m, 2H, d), 3.93-3.90 (m, 2H, d), 3.67-3.54 (m, 18H, d),
2.46 (s, 3H, a). 13C NMR (100 MHz, (CD3)2CO) δ: 157.45, 145.78, 141.04, 140.97, 134.33,
130.83, 129.77, 128.73, 121.89, 116.74, 71.60, 71.29, 71.25, 71.24, 71.20, 71.16, 70.70,
69.80, 69.28, 21.52. FAB/MS m/z 603.19 [M+H]+ (expected m/z=603.20).

Synthesis of compound 3a:

Compound 6 (1.3 g, 2.2 mmol), K2CO3 (498 mg, 3.6 mmol), 18-crown-6 (53 mg,
0.2 mmol) and biaryl reactant (674 mg, 1.8 mmol) were mixed together in anhydrous
acetone (100 mL) and refluxed for 12 h under argon. After slowly cooling to room
temperature and evaporating the solvent, the resultant mixture was dissolved in ethyl
acetate and washed with water. The combined organic layers were dried over Na2SO4,
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concentrated under reduced pressure and the crude mixture was purified by column
chromatography (SiO2) with MeOH/ethyl acetate (5:95 v/v) to yield compound 3a (487 mg,
35%). 1H NMR (400 MHz, (CD3)2CO) δ: 8.72-8.71 (d, J=2.78 Hz, 1H, b), 8.51-8.48 (m,
1H, d), 7.64-7.62 (d, J=9.34 Hz, 1H, c), 6.86 (s, 1H, h), 6.80 (s, 1H, h), 6.72-6.71 (d,
J=2.20 Hz, 2H, h), 6.64-6.63 (d, J=2.27 Hz, 1H, h), 5.18 (s, 4H, g), 4.70-4.69 (d, J=2.56 Hz,
2H, j), 4.65 (s, 2H, i), 4.65-4.49 (m, 2H, e), 4.09-4.06 (m, 2H, e), 3.90-3.88 (m, 2H, e),
3.70-3.52 (m, 18H, e), 3.44 (s, 6H, f), 3.01-3.00 (t, J=2.52 Hz, 1H, a). 13C NMR (100
MHz, (CD3)2CO) δ: 158.43, 157.74, 157.42, 156.39, 144.70, 140,97, 140.10, 136.91,
129.76, 121.88, 119.38, 116.68, 113.69, 105.27, 105.06, 104.03, 95.30, 80.02, 76.76, 71.55,
71.41, 71.25, 71.21, 71.18, 70.11, 69.75, 69.40, 64.66, 56.81, 56.09, 32.60, 23.30, 14.34.
FAB/MS m/z 827.29 [M+Na]+ (expected m/z=827.78).

Synthesis of compound 3:

To the solution of compound 3a (487 mg, 0.61 mmol) in isopropanol (30 mL) was
added CBr4 (418 mg, 1.26 mmol) and refluxed for 4 h under argon atmosphere. After the
completion of the reaction, the solvent was evaporated and the crude product was purified
by silica gel chromatography with MeOH/ethyl acetate (2:98 v/v) to afford compound 3
(347 mg, 80%). 1H NMR (400 MHz, (CD3)2CO) δ: 8.72-8.71 (d, J=2.75 Hz, 1H, d), 8.518.48 (m, 1H, b), 7.96 (s, 2H, e), 7.63-7.61 (d, J=9.26 Hz, 1H, c), 6.84 (s, 1H, f), 6.76 (s, 1H,
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f), 6.36-6.35 (d, J=2.39 Hz, 2H, f), 6.26-6.25 (d, J=2.15 Hz, 1H, f), 4.66-4.65 (d, J=2.23 Hz,
2H, i), 4.63 (s, 2H, i), 4.50-4.47 (m, 2H, g), 4.06-4.03 (m, 2H, h), 3.89-3.86 (m, 2H, h),
3.66-3.52 (m, 18H, h), 2.98 (t, J=2.23 Hz, 1H, a). 13C NMR (100 MHz, (CD3)2CO) δ:
170.93, 158.41, 157.95, 157.42, 156.43, 144.10, 140.95, 140.05, 136.87, 129.79, 121.87,
120.31, 116.68, 110.68, 105.42, 105.25, 101.85, 80.16, 76.72, 71.51, 71.47, 71.39, 71.20,
71.12, 71.08, 70.05, 69.71, 64.73, 60.53, 56.74, 32.60, 23.29, 20.81, 14.48, 14.33. ESI-MS
m/z 739.23210 [M+Na]+ (expected m/z=739.23209).

Synthesis of compound 4:

Compound 3 (174 mg, 0.24 mmol), K2CO3 (100 mg, 0.73 mmol), 18-crown-6 (6.5
mg, 0.1 mmol) and compound 2 (462 mg, 0.96 mmol) were mixed together in anhydrous
acetone (50 mL) and refluxed for 12 h under argon. After slowly cooling the reaction to
room temperature and evaporating the solvent, the resultant mixture was dissolved in ethyl
acetate and washed with water. The combined organic layers were dried over Na2SO4,
concentrated under reduced pressure and the crude mixture was purified by silica gel
chromatography with MeOH/ethyl acetate (6:94 v/v) to yield compound 4 (117 mg, 38%).
1H NMR (400 MHz, (CD3)2CO) δ: 8.78-8.70 (q, J=2.91 Hz, 1H, d), 8.55-8.45 (m, 1H, c),
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7.76-7.58 (m, 1H, b), 7.05-6.53 (m, 11H, e), 5.59 (s, 1H), 5.07-5.06 (d, J=3.88 Hz, 4H, i),
4.79-4.78 (t, J=2.52 Hz, 4H, j), 4.71-4.64 (m, 4H, h), 4.49-4.47 (m, 2H, h), 4.15-3.44 (m,
62H, f), 3.27 (s, 6H, g), 3.07-3.05 (m, 2H, a), 3.02-3.01 (m, 1H, a). 13C NMR (100 MHz,
(CD3)2CO) δ: 170.92, 161.61, 160.08, 159.90, 157.84, 156.70, 145.95, 144.63, 141.11,
137.06, 129.79, 127.16, 122.44, 122.11, 121.93, 119.74, 116.88, 116.72, 111.46, 111.28,
107.37, 101.63, 80.15, 73.49, 72.66, 71.58, 71.42, 71.27, 71.18, 70.35, 70.30, 70.14, 70.00,
69.78, 69.58, 69.47, 68.50, 64.74, 63.46, 62.76, 61.86, 58.80, 32.63, 23.66, 14.37. FAB/MS
m/z 1505.65 [M+H]+ (expected m/z=1505.60).

Synthesis of compound 1:

Compound 4 (115 mg, 0.076 mmol) was dissolved in THF/H2O (1:1 v/v) solvent
mixed along with compound 5 (211 mg, 0.61 mmol), CuSO4.5H2O (15 mg, 0.061 mmol)
and sodium ascorbate (12 mg, 0.061 mmol). The reaction mixture was heated at 50 ˚C for
12 h. After completion of the reaction, the solvent was evaporated and the resultant mixture
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was dissolved in ethyl acetate and washed with water. The combined organic layers were
dried over Na2SO4, concentrated under reduced pressure and the crude mixture was
purified by silica gel chromatography with MeOH/ethyl acetate (15:85 v/v) to yield
compound 1 (104 mg, 54%). 1H NMR (400 MHz, (CD3)2CO) δ: 8.53-8.51 (m, 1H, c),
8.45-8.42 (m, 1H, b), 7.99-7.98 (d, J=2.98 Hz, 2H, i), 7.71-7.54 (m, 6H, a/e), 7.13 (s, 1H, i),
7.03-6.55 (m, 18H, i), 6.15 (m, 3H, d), 5.89-5.87 (m, 6H, d), 5.54 (s, 1H, i), 5.20-4.64 (m,
12H, i/k/j), 4.46-3.43 (m, 64H, f), 3.25(s, 9H, g), 2.41-2.40 (m, 15H, g), 2.34-1.20 (m, 24H,
g). 13C NMR (100 MHz, (CD3)2CO) δ: 172.70, 170.90, 161.14, 160.75, 160.41, 159.93,
157.79, 157.55, 155.85, 153.66, 148.86, 144.78, 144.20, 141.09, 137.06, 129.78, 127.45,
124.58, 124.14, 121.91, 119.34, 116.96, 116.72, 115.79, 113.75, 113.22, 111.52, 111.33,
107.10, 103.95, 101.52, 85.45, 73.51, 72.73, 71.56, 71.42, 71.27, 71.13, 70.98, 70.33, 70.11,
69.99, 69.72, 69.43, 68.41, 64.74, 63.48, 62.58, 61.83, 60.52, 58.80, 50.40, 34.18, 26.41,
24.69, 20.78, 18.59, 14.54. ESI-MS m/z 1293.5193 [M+2Na]2+ (expected m/z=1293.5170).

2.7.3 Molecule 1 Aqueous Solution Preparation
Molecule 1 (1.23 mg) was dissolved in 7 mL THF. Water was added to molecule 1
in THF solution drop-wise until the solution turned bluish. The solution mixture was left
stirring overnight then transferred to a dialysis bag, and dialyzed for three days in water to
remove THF from the solution mixture to yield final molecule 1 aqueous solution with
concentration of 16.4 µM.

2.7.4 Sample Solution Preparation for Release Study
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All samples that were used in dye release study were prepared using 800 µL
molecule 1 stock solution, 150 µL anti-DNP IgG (150 µL from kit sold by Invitrogen is
equal to 1 µM) and 16.2 µL PLE (PLE stock solution 1 mg PLE/2mL Milli-Q water, then
16.2 µL is equal to 50 nM) if applicable. The volume of each test solution was increased to
1 mL by adding Milli-Q water to yield a final sample solution with molecule 1
concentration of approximately 13 µL.

2.7.5 Spectroscopic Measurements
Emission spectra were recorded on a JASCO (FP-6500) spectrofluorimeter using 1
mL disposable fluorescence cuvettes. The emission spectra for coumarin (4Methylumbelliferone) were recorded by exciting at 365 nm, with the excitation and
emission bandwidth set at 3 and 5 nm, respectively. Emission intensity recording begins at
385 nm and ends at 599 nm with a data pitch of 2 nm. Scanning speed is 500 nm/min. A Xe
lamp with shielded lamp housing, 150 W from JASCO Analytical Instruments was used as
the excitation source. Maximum emission intensity was recorded to quantify coumarin
release.

2.7.6 Dynamic light scattering (DLS) Measurement
Size distributions of the assemblies were determined by Nano series Nano-ZS
(Malvern Instrument) Zetasizer. Samples were in 1 mL disposable fluorescence cuvettes.
The temperature was kept constant at 25 °C.

2.7.7 NMR Spectra
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Molecule 1 13C NMR

*: solvent residues are marked with stars.
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CHAPTER 3
MULTI-PROTEIN STIMULI-INDUCED GUEST RELEASE FROM
AMPHIPHILIC SUPRAMOLECULAR ASSEMBLIES

3.1 Introduction
Supramolecular disassembly that responds to dual primary biological changes has
been demonstrated in the second chapter, where a covalently-attached report unit, coumarin
dye, was used to monitor release kinetics. If this concept applies to real applications such as
drug delivery, covalently-attached drug molecules, also called prodrugs, are part of the
design. A prodrug is a medication that is administered in an inactive or less than fully
active form. The prodrug then must be converted to its active form through a normal
metabolic process, such as hydrolysis of an ester form of the active drug (Table 3.1).
Prodrug design is helpful in solving problems such as stability, solubility, permeability and
targeting problems.1-4 However, some limitations of prodrugs should also be taken into
consideration. One of the problems associated with prodrug design is its toxicity, which is
often due to the formation of unexpected metabolites from the total drug conjugates.
Another more simple issue pertains to their structural limitations; not all drugs can be made
into prodrugs. Futuremore, to specifically break the linkage and release the active drug
also brings challenges to the design of drug carriers.
Therefore, in order to enlarge the application of the concept that we demonstrated in
the second chapter, we are also interested in studying non-covalently encapsulated dye
release caused by two primary biological changes, protein imbalance and enzyme activity
(Figure 3.1). In this chapter, we also attempted to introduce more protein triggers into a
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mixed micelle system and study multi-protein stimuli-induced guest release from
amphiphilic supramolecular assemblies.

Table 3.1 Prodrug linkage and the enzyme involved linkage hydrolyzation.5
Prodrug Linkage

Hydrolyzing enzyme

Short/medium chain, ester

Cholinesterase

Aliphatic, ester

Ester hydrolase, Lipase, cholesterol Esterase,
Acetyl Cholinesterase, Aldehyde oxidase

Long chain aliphatic
carbonate

Pancreatic lipase, pancreatin, lipase,
carboxypeptidase

Phosphate, organic

Acid phosphatase, alkaline phosphatase

Sulphate, organic

Steroidal sulfatase

Amide

Amidase

Amino acid

Proteolytic enzyme, Trypsin, carboxypeptidase
A and B

Azo

Azo reductase

Carbamate

Carbamidase

Phosphamide

Phosphoramidase

β-Glucuronide

Β-Glucuronidase

Figure 3.1 Protein and enzyme induced non-covalently encapsulated guest molecule
release from supramolecular assemblies.
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3.2 Molecular Design and Synthesis
The molecular design strategy to serve the aim of creating a protein and enzyme
triggered encapsulated guest molecule release is shown in Chart 3.1.

Two target

amphiphilic dendrons 1 and 2 were synthesized containing two different hydrophilic
protein specific binding ligands: (1) 2, 4-dinitrophenyl ligand which will bind specifically
with protein anti-DNP IgG (KD=8*10-9 M);6 and (2) biotin derivative ligand which will
bind specifically with the protein extravidin (KD=10-15 M). In comparison to the target
molecule in Chapter 2, the hydrophobic chains in molecule 1 and 2 in Chart 3.1 are hexyl
groups with an ester bond linking to the dendron backbone. We hypothesize that in
aqueous solutions, amphiphilic dendron molecule 1 and 2 will form micelle-like assemblies.
Hydrophobic dye molecules can be encapsulated inside these assemblies when the
concentration of the solution is above the CAC. Introducing a specific binding protein will
alter the hydrophilic-lipophilic balance (HLB), causing equilibrium to shift towards the
unimeric form of the dendrons rather than the aggregate form. Through this process, more
hydrophobic moieties are made accessible to enzyme esterase. Introducing an esterase will
cleave ester bonds, and thus hydrophobic dye will not be stably encapsulated.

Chart 3.1 Structures of the amphiphilic dendrons used in this study.
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The synthesis of molecules 1 and 2 are shown in Scheme 3.1. The two target
molecules were synthesized through a multi-step modular synthesis. Alkyne-based
precursor molecule 3 was reacted with 2, 4-dinitrophenol ligand 4 to yield molecule 1
under the Huisgen 1,3-dipolar cylcoaddition reaction conditions, also called “Click
chemistry”. Similarly, by using “Click chemistry”, molecule 2 was synthesized by reacting
precursor molecule 3 with biotin ligand 5. The alkyne-based precursor molecule 3 was
synthesized by reacting the amphiphilic benzyl bromide molecule 7 with amphiphilic biaryl
molecule 6 containing an alkyne functional group using alkylation reaction, as shown in
Scheme 3.1.
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Scheme 3.1 Synthesis of target amphiphilic dendron molecules 1 and 2.

3.3 Characterization of Supramolecular Assemblies
We prepared aqueous solutions of molecules 1 and 2 separately and encapsulated
hydrophobic dye Nile red as a probe to monitor stimuli-induced disassembly. We first
attempted to measure the critical aggregation concentration (CAC) of the two solutions.
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By diluting the solution from higher concentration, the emission intensity of Nile red (peak
emission at 619 nm) should decrease proportionally to the concentration of the solution.
When the concentration approaches CAC of the aggregates, there will be a decrease in the
rate of change in intensity, at which point we could determine the CAC of the assemblies in
aqueous solutions. As shown in Figure 3.2, CAC of molecule 1 solution was about 0.8 µM,
while CAC of molecule 2 solution was about 3 µM. The difference in CAC may due to the
structural similarity of hydrophilic chains in molecule 1, where polyethylene glycol links
2,4-dinitrophenol with the dendron backbone. Since other hydrophilic chains in molecule 1
are pentaethylene glycol, we hypothesized that molecule 1 is more likely tightly packed
into aggregates, thus has lower CAC.

Figure 3.2 Critical aggregation concentration (CAC) of molecule 1 (a) and 2 (b).

We also measured the size of the aggregates prepared from molecule 1 and 2 by
using dynamic light scattering (DLS). Both solutions were prepared at a concentration of
25 µM. As shown in Figure 3.3, it was revealed that the size of the aggregates formed from
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molecule 1 and 2 are around 100 nm and 46 nm, respectively. They have similar size as
analogous assemblies that had been made by our group.7-10

Figure 3.3 Sizes of supramolecular assemblies made from molecule 1 (a) and 2 (b).

3.4 Protein and Enzyme Triggered Dye Release from Amphiphilic Supramolecular
Assemblies
The stimuli responsive characteristics of the two assemblies were then studied in
the presence of the protein, enzyme and the combination of the two using the release of
Nile red as the probe. Figure 3.4a shows the results of this study using a 20 µM solution
prepared from molecule 1 in the presence and absence of anti-DNP IgG and porcine liver
esterase (PLE). Similarly, the results displayed in Figure 3.4b show the dye release from
assemblies prepared from molecule 2 in the presence and absence of extravidin and PLE.
We set the peak intensity of Nile red (peak emission at 619 nm) at starting point as 0 %
release, and compared the intensity change with the starting intensity to calculate the
relative dye release. The two figures show a similar trend; a faster initial rate of release
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and more overall dye release in the experimental period was seen in the presence of both
protein and enzyme triggers in comparison to solutions with either trigger alone.
It is interesting to note that Nile red release is not constantly increasing in both
cases, and even more interestingly, the dye release is negative in the first 2 h when adding
anti-DNP IgG to molecule 1 solution. It must be understood that, due to the fact that Nile
red is not covalently-attached to the dendrons, the dye release is not a direct reporter of the
disassembly process. It is generally true that when PLE cleaves the hydrophobic chains,
there are less hydrophobic moieties stabilizing Nile red. Thus, Nile red is released and then
precipitates out of solution, resulting in a decrease in fluorescence intensity, which is
considered to be a measure of release percentage.. However, we cannot rule out
possibilities such as: (1) protein also contains hydrophobic pockets that may be capable of
re-encapsulating the dye; and/or (2) the byproduct after enzyme cleavage, 1-hexanol (a
small surfactant), may form assemblies in aqueous solution that re-encapsulate the dye.

Figure 3.4 Protein and enzyme triggered Nile red Release from assemblies made from
molecule 1 (a) and 2 (b).
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3.5 Mixed Micelles
Utilizing the mixed micelle strategy, the rational combination of two or more
components provides a direct and convenient approach to improve physical stability and
enhance guest loading capacities, and thus has advantages in applications such as drug
delivery. Furthermore, the mixed micelle strategy also allows for the integration of multiple
functionalities into a single system, which provides a promising solution to synthetic
challenges. By selective blending of structurally and/or functionally diverse components,
multi-functional micelles can be fabricated without the need for elaborate synthetic
schemes.11-14
In Scheme 3.1, note that precursor molecule 3 (Chart 3.2) contains an alkyne
functional group (highlight by a blue circle), making the precursor molecule ready for
further functionalization with different hydrophilic ligands through Click chemistry.
Molecules 1 and 2 are two examples of this functionalization. It is easy to imagine that by
varying ligands that have specific binding to different proteins, a variety of dendrons with
varying protein-responsive ligands can be easily fabricated. Then, by mixing two or more
different protein-responsive dendrons, mixed micelles with multi-protein-responsive
characteristics can be fulfilled.

In this part, we took advantage of the two dendron

molecules 1 and 2 that has been synthesized, and applied the mixed micelle strategy.
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Chart 3.2 Precursor molecule 3.

3.5.1 Characterization of the Mixed Micelle
We first prepared the mixed micelle solutions by dissolving molecule 1 and 2 (1:1
molar ratio) together with Nile red dye (5 w%) in acetone to produce molecular level
mixing of the three components. We then added quantitative amounts of water drop-wise
into the acetone solution. After mixing acetone and water solutions well, we slowly
evaporated acetone at room temperature following by filtering out extra Nile red dye
molecules to yield the mixed micelle stock solution.
The CAC of the mixed micelle was studied by diluting the stock solution and
monitoring Nile red fluorescence peak intensity change. Figure 3.5 showed the CAC of
mixed micelle to be about 20 µM. Note that we filtered the sample mixture after leaving it
to totally evaporate, and subsequently the absolute value of CAC cannot be accurately
calculated. We also measured the size of the mixed micelle (40 µM) at room temperature
using DLS. Figure 3.6 showed the size of the aggregate is about 130 nm and it maintained
stable assembly during 24 h time period.
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Figure 3.5 CAC of mixed micelles.

Figure 3.6 Size of mixed micelles (a) and size after 24 h (b).

3.5.2 Multi-Protein Triggered Dye Release from the Mixed Micelle
The mixed micelle approach provides a simple way to endow a system with multifunctionalization. Mixed micelles made from molecule 1 and 2 have the potential for a
stimuli-responsive feature that will respond to proteins anti-DNP IgG and extravidin due to
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the presence of both protein specific binding ligands. Furthermore, since the hydrophobic
moieties contain ester bonds which can be cleaved by esterase, this mixed micelle assembly
can also respond to an esterase enzyme.
Therefore, we first studied dye release from mixed micelles caused by extravidin,
anti-DNP IgG, and the concurrent presence of both proteins. The results showed that the
initial rate of dye release was dominated by extravidin, which has stronger binding to the
biotin ligand in comparison to that between anti-DNP IgG and 2,4-dinitrophenol binding.
During 8 h experimental period, the overall dye release caused by dual protein triggers was
more than that caused by one protein alone (Figure 3.7a). Note that the error bar of the
extravidin-containing samples in Figure 3.7a is large, which may be due to the unstable
performance of extravidin. However, the trend is the same: dual protein triggered release
always generates more dye release than a single protein trigger. We also measured the
assembly size of these four samples after 8h. Shown in Figure 3.7b, the control sample
maintained the same size as before the experiment, while samples with proteins added
understandably decreased to about 10 nm, which indicates disassembly had occurred.

63

Figure 3.7 (a) Protein-induced dye release from the mixed micelle. (b) Size of mixed
micelle after 8 h dye release.

As mentioned above, since there is an ester bond on every hydrophobic chain of the
dendrons, it provides the mixed micelle an enzyme responsive feature: the mixed micelle
will respond to extravidin, anti-DNP IgG and PLE. We studied the mixed micelle
disassembly and dye release in the presence of different combinations of these three stimuli
and showed in Figure 3.8. Extravidin and PLE combination generated more dye release
than extravidin or PLE alone. Similar observation was seen in the anti-DNP IgG and PLE
combination. However, when we try to use three triggers together, there are no advantages
in release initial rate and the overall dye release. This effect may arise because the rate
determining step of dye release is protein-ligand binding process, which, as stated above, is
dominated by extravidin. Therefore, three triggers did not produce more or faster dye
release than either protein combined with the enzyme. We also used dynamic light
scattering (DLS) to measure the size of the mixed micelle after 8 h experimental period, as
shown in Figure 3.8b. For the sample containing PLE, DLS showed aggregated size (more
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than 1000 nm), while for protein adding samples, the size decreased to around 10 nm,
indicating disassembly of the mixed micelles.

Figure 3.8 (a) Multi-protein-induced dye release from the mixed micelle. (b) Size of mixed
micelle after 8 h dye release.

We also examined the disassembly events of the mixed micelle as a result of
different combinations of stimuli using transmission electron microscopy (TEM). Image of
Figure 3.9a showed the mixed micelle assemblies with spherical and solid structure. After
adding PLE and stirring for 8 h, the mixed micelle assemblies cannot be found (Figure
3.9b). Instead, larger aggregates were found, which is consistent with the DLS data in
Figure 3.8b. After adding protein stimuli for 8 h, images in Figure 3.9c and Figure 3.9d
showed no mixed micelle aggregates. The small particles approximately 10 nm in size
could either be salt aggregates or reaction residues. The images are also consistent with the
DLS data in Figure 3.8b.
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Figure 3.9 TEM images. (a) Mixed micelle. (b) Mixed micelle + PLE. (c) Mixed micelle +
extravidin & anti-DNP IgG. (d) Mixed micelle + extravidin & anti-DNP IgG & PLE

3.6 Summary
To further test the concept of dual stimuli triggered supramolecular disassembly, we
successfully synthesized two amphiphilic dendrons containing different protein-specific
hydrophilic ligand moieties and enzyme-specific hydrophobic substrate moieties, and
instead of covalently attaching report units on dendrons, the fluorescent dye reporters were
non-covalently encapsulated in the supramolecular assemblies.

Non-covalently

encapsulated dye showed more release in the presence of both the complementary protein
and the enzyme in comparison to the individual stimuli.
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Mixed micelles provide a platform to obtain multi-functional systems without
complex synthetic routes. To evaluate this strategy, we prepared mixed micelle assembly
from the two dendrons with different protein specific binding ligand, and as expected, the
mixed micelle responds to the presence of two complementary proteins as well as enzyme.
Dye release showed more overall release with any two out of three stimuli in comparison to
one stimulus alone. However, three stimuli did not yield more guest release due to the rate
determining step could be protein-ligand binding process. By varying protein-specific
binding ligand, dendron components with different ligands will form mixed micelle
assemblies with more complex protein responsive characteristics, thus provide the mixed
micelle system wider applications in protein-induced disassembly.

3.7 Experimental Details
3.7.1 Materials and Methods
All chemicals and solvents were purchased from commercial sources and were used
as received, unless otherwise mentioned. All molecules without characterization data
mentioned below were synthesized through well-established synthesis procedures
previously reported by our group.9-10, 15 Rat anti-dinitrophenol IgG was purchased from
Invitrogen as 0.5 mg in 0.5 mL solution and was used as such. Porcine liver esterase was
purchased from Lee Solutions and was used as received. Extravidin was purchased from
Sigma Aldrich and was used as received.
1H NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer using the
residual proton resonance of the solvent as the internal standard. Chemical shifts (δ) and
coupling constants (J) are reported in parts per million (ppm) and Hertz, respectively. The
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following abbreviations are used for the peak multiplicities: s, singlet; d, doublet; t, triplet;
q, quartet; m, multiplet; dd, doublet of doublet; bs, broad singlet; bd, broad doublet; bm,
broad multiplet. 13C NMR spectra were proton decoupled and recorded on a Bruker 100
MHz NMR spectrometer using the carbon signal of the deuterated solvent as the internal
standard.

3.7.2 Synthesis Procedures and Characterization of Molecules
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Scheme 3.2 Synthesis details of target amphiphilic dendron molecules 1 and 2.

Synthesis of compound 8:

Bromoacetic acid (5.0 g, 36.0 mmol) and 1-hexanol (50 mL) were mixed, and then
two drops of H2SO4 was added to the reaction mixture. The reaction mixture was stirred at
100 ˚C for 12 h, and then cooled to RT. The reaction mixture was then dissolved in ethyl
acetate, and the organic layer was washed twice with water. The organic layer was dried
over Na2SO4, concentrated under reduced pressure and the crude mixture was purified by
column chromatography (SiO2) with ethyl acetate/hexanes (30:70 v/v) to yield compound 8
(8.0 g, 100%). 1H NMR (400 MHz, CDCl3) δ: 4.18-4.15 (t, J=6.67 Hz, 2H, b), 3.83 (s, 2H,
a), 1.69-1.62 (m, 2H, c), 1.40-1.28 (m, 6H, d), 0.91-0.87 (t, J=6.78 Hz, 3H, e).

Synthesis of compound 4:
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Compound 9 (295 mg, 0.49 mmol), NaN3 (163 mg, 2.5 mmol) and 18-crown-6 (13
mg, 0.049 mmol) were mixed together in anhydrous acetone (100 mL) and refluxed for 12
h under argon. After slowly cooling to room temperature and evaporating the solvent, the
resultant mixture was dissolved in ethyl acetate and washed with water. The combined
organic layers were dried over Na2SO4, concentrated under reduced pressure and the crude
mixture was purified by column chromatography (SiO2) with ethyl acetate/hexanes (80:20
v/v) to yield compound 4 (190 mg, 82%). 1H NMR (400 MHz, (CD3)2CO) δ: 8.72-8.71 (d,
J=2.79 Hz, 1H, c), 8.52-8.49 (m, 1H, e), 7.68-7.65 (d, J=9.34 Hz, 1H, d), 4.56-4.53 (t,
J=4.51 Hz, 2H, f), 3.93-3.91 (t, J=4.55 Hz, 2H, f), 3.68-3.57 (m, 18H, f), 3.39-3.36 (t,
J=4.92 Hz, 2H, f). 13C NMR (100 MHz, (CD3)2CO) δ: 158.49, 157.42, 130.79, 129.75,
128.68, 121.87, 116.70, 113.49, 71.57, 71.26, 71.21, 71.18, 71.15, 71.11, 70.65, 69.77,
56.11, 51.34. FAB/MS m/z 474.17 [M+H]+ (expected m/z=474.18).

Synthesis of compound 6:

Biaryl compound 3 (500 mg, 1.33 mmol), K2CO3 (185 mg, 1.33 mmol), 18-crown-6
(6.5 mg, 0.1 mmol) and compound 8 (297 mg, 1.33 mmol) were mixed together in
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anhydrous acetone (100 mL) and refluxed for 12 h under argon. After slowly cooling the
reaction to room temperature and evaporating the solvent, the resultant mixture was
dissolved in ethyl acetate and washed with water. The combined organic layers were dried
over Na2SO4, concentrated under reduced pressure and the crude mixture was purified by
silica gel chromatography with ethyl acetate/hexanes (15:85 v/v) to yield product with 56%
yield. To the solution of the product in isopropanol (30 mL) was added CBr4 (165 mg, 0.5
mmol) and refluxed for 4 h under argon atmosphere. After the completion of the reaction,
the solvent was evaporated and the crude product was purified by silica gel
chromatography with ethyl acetate/hexanes (50:50 v/v) to afford compound 6 (134 mg,
42%). 1H NMR (400 MHz, (CD3)2CO) δ: 6.87 (s, 1H, e), 6.64 (s, 1H, e), 6.35-6.34 (d,
J=2.13 Hz, 2H, e), 6.31-6.29 (t, J=2.13 Hz, 1H, e), 4.66-4.65 (d, J=2.46 Hz, 2H, d), 4.634.61 (m, 4H, c/b), 4.13-4.10 (t, J=6.62 Hz, 2H, f), 2.99-2.98 (t, J=2.39 Hz, 1H, a), 1.641.56 (m, 2H, f), 1.34-1.25 (m, 6H, f), 1.21-1.18 (t, J=7.05 Hz, 3H, f). 13C NMR (100 MHz,
(CD3)2CO) δ: 169.63, 158.49, 157.01, 156.61, 144.01, 136.81, 120.37, 110.57, 110.42,
105.63, 105.01, 104.73, 102.00, 101.92, 80.05, 76.75, 66.07, 65.40, 64.64, 56.73, 32.10,
26.14, 23.14, 14.28. FAB/MS m/z 428.18 [M+H]+ (expected m/z=428.47).

Synthesis of compound 7:

Compound 11 (300 mg, 1.51 mmol), K2CO3 (208 mg, 1.51 mmol), 18-crown-6 (6.5
mg, 0.1 mmol) and compound 8 (337 mg, 1.51 mmol) were mixed together in anhydrous
acetone (70 mL) and refluxed for 12 h under argon. After slowly cooling the reaction to
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room temperature and evaporating the solvent, the resultant mixture was dissolved in ethyl
acetate and washed with water. The combined organic layers were dried over Na2SO4,
concentrated under reduced pressure and the crude mixture was purified by silica gel
chromatography with MeOH/ethyl acetate (5:95 v/v) to yield the product with 85% yield.
Then the product was dissolved in DCM and cooled to 0 ˚C. PBr3 (173 mg, 0.64 mmol)
was added into the solution drop by drop, and then the reaction mixture was warmed up to
room temperature. After 6 h reaction, the crude mixture was purified by silica gel
chromatography with MeOH/ethyl acetate (10:90 v/v) to yield compound 7 (690 mg, 93%).
1H NMR (400 MHz, (CD3)2CO) δ: 6.70-6.48 (m, 3H, b/c), 4.47 (s, 2H, a), 4.55 (s, 2H, e),
4.18-4.12 (m, 4H, d/g), 3.81 (m, 2H, d), 3.64-3.46 (m, 16H, d), 3.28 (s, 3H, f), 1.67-1.61 (m,
2H, g), 1.38-1.30 (m, 6H, g), 0.90-0.87 (m, 3H, g). 13C NMR (100 MHz, (CD3)2CO) δ:
169.41, 169.30, 161.14, 160.24, 141.18, 109.30, 108.79, 102.21, 71.40, 71.26, 71.22, 71.04,
70.27, 68.57, 67.85, 65.81, 65.47, 62.31, 58.78, 34.24, 33.66, 32.17, 32.12, 26.35, 23.33,
14.28. FAB/MS m/z 579.20 [M+H]+ (expected m/z=579.52).

Synthesis of compound 3:
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Compound 6 (108 mg, 0.25 mmol), K2CO3 (105 mg, 0.76 mmol), 18-crown-6 (6.5
mg, 0.1 mmol) and compound 7 (439 mg, 0.76 mmol) were mixed together in anhydrous
acetone (50 mL) and refluxed for 12 h under argon. After slowly cooling the reaction to
room temperature and evaporating the solvent, the resultant mixture was dissolved in ethyl
acetate and washed with water. The combined organic layers were dried over Na2SO4,
concentrated under reduced pressure and the crude mixture was purified by silica gel
chromatography with ethyl acetate/hexanes (50:50 v/v) to yield compound 3 (700 mg,
99%). 1H NMR (400 MHz, (CD3)2CO) δ: 6.89-6.39 (m, 11H, b), 5.05 (s, 4H, e), 4.81-4.55
(m, 10H, c), 4.18-4.09 (m, 10H, d/e/g), 3.82-3.79 (m, 4H, f), 3.65-3.44 (m, 32H, f), 3.283.27 (s, 6H, i), 3.03-3.02 (t, J=2.27 Hz, 1H, a), 1.68-1.57 (m, 6H, g), 1.41-1.27 (m, 18H, g),
0.92-0.85 (m, 9H, g). 13C NMR (100 MHz, (CD3)2CO) δ: 170.87, 169.65, 169.41, 160.20,
159.90, 156.93, 156.65, 141.43, 141.08, 136.72, 111.45, 107.61, 107.47, 106.96, 106.85,
106.31, 105.71, 104.46, 101.46, 101.32, 80.11, 76.92, 73.32, 72.64, 71.41, 71.28, 71.25,
71.06, 70.28, 68.46, 67.86, 65.84, 65.80, 65.51, 65.48, 65.08, 58.79, 32.15, 26.27, 26.20,
23.20, 14.28. FAB/MS m/z 1425.80 [M+H]+ (expected m/z=1425.69).

Synthesis of compound 1:
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Compound 3 (184 mg, 0.129 mmol) was dissolved in THF/H2O (1:1 v/v) solvent
mixed along with compound 4 (153 mg, 0.323 mmol), CuSO4.5H2O (15 mg, 0.061 mmol)
and sodium ascorbate (12 mg, 0.061 mmol). The reaction mixture was heated at 50˚C for
12 h. After completion of the reaction, the solvent was evaporated and the resultant mixture
was dissolved in ethyl acetate and washed with water. The combined organic layers were
dried over Na2SO4, concentrated under reduced pressure and the crude mixture was
purified by silica gel chromatography with MeOH/ethyl acetate (10:90 v/v) to yield
compound 1 (128 mg, 53%). 1H NMR (400 MHz, (CD3)2CO) δ: 8.70 (d, J=2.89 Hz, 1H, a),
8.47-8.44 (m, 1H, a), 7.85 (s, 1H, b), 7.57-7.54 (d, J=9.25 Hz, 1H, c), 6.97-6.45 (m, 11H,
e), 5.14 (s, 2H, d), 5.03 (s, 2H, h), 4.73 (s, 4H, g), 4.64-4.63 (m, 4H, g), 4.50-4.44 (m, 4H,
i), 4.17-4.11 (m, 12H, j/k), 3.86-3.44 (m, 56H, k), 3.27 (s, 6H, f), 1.66-1.59 (m, 6H, j),
1.35-1.27 (m, 18H, j), 0.89-0.84 (m, 9H, j). 13C NMR (100 MHz, (CD3)2CO) δ: 169.71,
169.44, 161.20, 160.32, 159.92, 157.45, 156.88, 144.72, 141.21, 129.82, 125.11, 121.90,
116.72, 111.44, 107.52, 106.97, 105.80, 104.30, 101.85, 101.39, 72.68, 71.59, 71.56, 71.43,
71.30, 71.27, 71.22, 71.13, 71.08, 70.31, 70.06, 69.76, 68.52, 65.98, 65.88, 65.55, 63.37,
60.55, 58.81, 50.81, 32.17, 26.22, 23.21, 20.83, 14.50, 14.31. ESI-MS m/z 1922.487
[M+Na]+ (expected m/z=1922.110).
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Synthesis of compound 2:

Compound 3 (80 mg, 0.056 mmol) was dissolved in THF/H2O (1:1 v/v) solvent
mixed along with ligand compound 5 (39 mg, 0.011 mmol), CuSO4.5H2O (2.8 mg, 0.011
mmol) and sodium ascorbate (2.2 mg, 0.011 mmol). The reaction mixture was heated at
50˚C for 12 h. After completion of the reaction, the solvent was evaporated and the
resultant mixture was dissolved in ethyl acetate and washed with water. The combined
organic layers were dried over Na2SO4, concentrated under reduced pressure and the crude
mixture was purified by silica gel chromatography with MeOH/ethyl acetate (10:90 v/v) to
yield compound 2 (35 mg, 35%). 1H NMR (400 MHz, (CD3)2CO) δ: 7.86 (s, 1H, d), 7.14
(bs, 1H, i), 6.99-6.47 (m, 11H, c), 6.02 (bs, 1H, i), 5.79 (bs, 1H, i), 5.17 (s, 2H, g), 5.04 (s,
2H, i), 4.74 (s, 4H, a), 4.66-4.63 (d, J=9,20 Hz, 4H, i), 4.53-4.43 (m, 2H, i), 4.32 (m, 1H, i),
4.26 (m, 1H, i), 4.17-4.11 (m, 10H, b), 3.82-3.45 (m, 36H, j), 3.42-3.34 (m, 2H, i), 3.27 (s,
6H, f), 3.18-3.12 (m, 2H, i), 3.02 (m, 2H, i) 2.95-2.87 (m, 2H, i), 2.71-2.65 (t, J=11.13 Hz,
1H, i), 2.29-2.25 (m, 1H, i), 2.20-2.17 (m, 1H, i), 1.67 (m, 2H, i), 1.63 (m, 6H, i), 1.54 (m,
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4H, e), 1.36 (m, 2H, i), 1.29 (m, 18H, e), 0.87 (m, 9H, e). 13C NMR (100 MHz, (CD3)2CO)
δ: 173.23, 173.14, 169.73, 169.46, 161.17, 160.29, 159.87, 157.34, 156.80, 144.38, 141.16,
136.82, 125.07, 111.41, 107.50, 106.98, 105.77, 101.35, 95.20, 72.64, 71.39, 71.26, 71.22,
71.03, 70.39, 70.28, 69.63, 68.48, 65.91, 65.84, 65.55, 58.81, 56.45, 51.30, 50.69, 41.02,
36.22, 32.15, 26.36, 26.30, 26.21, 23.21, 14.35, 14.32, 13.94. ESI-MS m/z 1805.015
[M+Na]+ (expected m/z=1805.120).

3.7.3 Molecule 1 and 2 Aqueous Solution Preparation
Molecule 1 and Nile red (5 w%) were dissolved in small amount of acetone (about
500 µL), and then quantitative amount of Milli-Q water was added dropwise into the
solution mixture and stirred overnight to evaporate acetone. Filtering extra dye molecules
yielded final molecule 1 aqueous stock solution with concentration of 25 µM. Using same
method molecule 1 aqueous stock solution can be prepared with concentration of 25 µM.

3.7.4 Molecule 1 and 2 Sample Solution Preparation for Release Study
All samples that were used in dye release study were prepared using 800 µL
molecule 1 or 2 stock solution, 150 µL anti-DNP IgG (150 µL from kit sold by Invitrogen
is equal to 1 µM), 32.4 µL PLE (PLE stock solution 1 mg PLE/2mL Milli-Q water, then
32.4 µL is equal to 100 nM), and 27.2 µL extravidin (extravidin stock solution 0.5 mg/100
µL Milli-Q water, then 27.2 µL is equal to 2 µM), if applicable. The volume of each test
solution was increased to 1 mL by adding Milli-Q water to yield a final sample solution
with molecule 1 or 2 concentration of approximately 20 µM.
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3.7.5 Spectroscopic Measurements
Emission spectra were recorded on JASCO (FP-6500) Spectrofluorometer using 1
mL disposable fluorescence cuvettes. The emission spectra for Nile red were recorded by
exciting at 550 nm, with the excitation and emission bandwidth set at 5 and 3 nm,
respectively. Emission intensity recording begins at 570 nm and ends at 700 nm with a data
pitch of 0.5 nm. Scanning speed is 200 nm/min. A Xe lamp with shielded lamp housing,
150 W from JASCO Analytical Instruments was used as the excitation source. Maximum
emission intensity was recorded to quantify Nile red release.

3.7.6 Mixed Micelle Preparation
To prepare the mixed micelle stock solution, molecule 1 and 2 were dissolved in
acetone in 1:1 molar ratio, together with the probe Nile red dye (5 w%). Quantitative
amount of water was then added drop-wise into the acetone solution. The solution was then
left stirring overnight to slowly evaporate acetone at room temperature following by
filtering out extra Nile red dye molecules to yield the mixed micelle stock solution with
concentration 40 µM.

3.7.7 Mixed Micelle Sample Solution Preparation for Release Study
All samples that were used in dye release study were prepared using 800 µL mixed
micelle stock solution, 150 µL anti-DNP IgG (150 µL from kit sold by Invitrogen is equal
to 1 µM), 32.4 µL PLE (PLE stock solution 1 mg PLE/2mL Milli-Q water, then 32.4 µL is
equal to 100 nM), and 136 µL extravidin (extravidin stock solution 0.5 mg/100 µL Milli-Q
water, then 136 µL is equal to 10 µM), if applicable. The volume of each test solution was
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increased to 1 mL by adding Milli-Q water to yield a final sample solution with mixed
micelle concentration of approximately 32 µL.

3.7.8 Dynamic light scattering (DLS) Measurement
Size distributions of the assemblies were determined by Nano series Nano-ZS
(Malvern Instrument) Zetasizer. Samples were in 1 mL disposable fluorescence cuvettes.
The temperature was kept constant at 25 °C.
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3.7.9 NMR Spectra
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*: solvent residues are marked with stars.
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CHAPTER 4
SIZE-TUNABLE DENDRITIC NANOPARTICLES THROUGH THIOL-YNE
CLICK CHEMISTRY

4.1 Introduction
Robust nanoparticles (NPs) are desirable for a variety of applications such as drug
delivery, diagnostics and sensing.1-5 For further applications of micelle-like assemblies in
areas such as drug delivery, where drug carriers made from micelle-like assemblies are
injected intravenously (IV),6-7 the concentration of drug carrier will dramatically decrease
to a level below the CAC of assemblies. To solve this problem, finding a way to stabilize
the assemblies is essential for further applications of micelle-like assemblies. To obtain
stable assemblies, one strategy that has often been used is to crosslink the aggregates. 8 In
this chapter, we describe the crosslinking method used on our dendron assemblies. We
hypothesize that in aqueous solutions, there exists equilibrium between the assemblies and
their constituent dendrons (represented by equilibrium a in Figure 4.1). Crosslinking the
assembly will stabilize the aggregate structure (represented by equilibrium b in Figure 4.1),
and decrosslinking the aggregate will make the assembly ready for disassembly triggered
by stimulus (represented by equilibrium c in Figure 4.1). Adding stimulus will then allow
for the release of guest molecules that are encapsulated inside the assemblies (represented
by equilibrium d in Figure 4.1).
Assemblies with well-controlled size are also desirable in material science. Some
nanoparticles show characteristic size-dependent properties.9-10 For drug delivery purposes,
drug carriers also need to meet different size requirements to fulfill the task such as
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delivery by the enhanced permeability and retention (EPR) effect11-12 and cell
internalization.13 Therefore, in this chapter, we provided a design of preparing robust and
size-tunable assemblies with a stimuli-responsive feature.

Figure 4.1 Stable assemblies through crosslinking strategy.

4.2 Thiol-Radical Click Chemistry
The concept of Click chemistry provides a method of rapidly synthesizing useful
new compounds and combinatorial libraries through heteroatom links (C-X-C) by a set of
powerful, highly reliable, and selective reactions.14 Click chemistry has had a significant
impact in bioconjugation, materials science, and drug discovery. A set of stringent criteria
that a process must meet to be useful in the context of Click chemistry has been defined by
Sharpless et al., as reactions that: “are modular, wide in scope, high yielding, create only
inoffensive by-products (that can be removed without chromatography), are stereospecific,
simple to perform and that require benign or easily removed solvent”.15-16 It has high
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thermodynamic driving force, usually greater than 20 kcal mol-1, and includes the
following classes of chemical transformations:


cycloadditions of unsaturated species, especially 1,3-dipolar cycloaddition
reactions, but also the Diels ‒ Alder family of transformations;



nucleophilic substitution chemistry, particularly ring-opening reactions of strained
heterocyclic electrophiles such as epoxides, aziridines, aziridinium ions, and
episulfonium ions;



carbonyl chemistry of the “non-aldol” type, such as formation of ureas, thioureas,
aromatic heterocycles, oxime ethers, hydrazones, and amides; and



additions to carbon ‒ carbon multiple bonds, especially oxidative cases such as
epoxidation, dihydroxylation, aziridination, and sulfenyl halide addition, but also
Michael additions of Nu‒H reactants.15
In 2007, Schlaad and co-workers first identified the radical mediated thiol-ene

reaction as a click reaction.17 Presently, it is known that there are two distinct radicalmediated thiol-click processes, the thiol-ene and thiol-yne reactions, both of which are
powerful tools in small molecule, biomolecule and polymer functionalization. The
mechanism of the reaction, taking thiol-ene Click chemistry as an example, is shown in
Scheme 4.1. The first step is the radical generation shown in (a) where radicals are
generated by photoinitiation though thermal and redox methodologies. The click nature of
the reaction is derived from the coupled chain transfer and propagation reactions presented
in (b) while the termination process, involving bimolecular radical reactions between
radicals of various types, is presented in (c). Note that heat is not a necessary factor for the
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reaction to occur, and thus later we will take advantage of this feature and photo-crosslink
our assemblies at different temperature using this temperature independent reaction.

Scheme 4.1 The radical-mediated thiol–ene reaction mechanism. Used with permission,
Copyright © 2010, Royal Society of Chemistry, permission number 3492021327373.14

4.3 Molecular Design and Synthesis
As stated in Chapter 1, designing assemblies with size-tunability can be achieved by
incorporating the hydrogen bonding capacity of polyethylene glycol into the dendrons. As
the temperature of the solution increases, this hydrogen-bonding network is disrupted,
thereby reducing their solubility in the aqueous phase. The temperature at which the
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solution turns turbid, or the cloud point transition, is often referred to as the lower critical
solution temperature (LCST) (Figure 4.2).18-19

Figure 4.2 LCST of aggregates containing pentaethylene glycol. Reprinted with
permission from Wang, F.; Klaikherd, A.; Thayumanavan, S., Temperature sensitivity
trends and multi-stimuli sensitive behavior in amphiphilic oligomers. Journal of the
American Chemical Society 2011, 133, 13496-13503. Copyright © 2011 American
Chemical Society.

The target molecule we chose to use for the study in this chapter is molecule G1
shown in Chart 4.1.20 It contains pentaethylene glycol pendants as hydrophilic chains,
which provide LCST behavior to G1 aggregates in aqueous solutions. Meanwhile, the
presence of three alkyne groups (highlight in green circles) in each dendron endow the
aggregates a scaffold for crosslinking via reactions such as the thiol-yne Click reaction,
which does not require certain reaction temperature. The synthesis of G1 is shown in
Scheme 4.2, where the target molecule is made by reacting benzyl bromide compound 1
and biaryl compound 2 through alkylation reaction.
We hypothesized that due to the slight hydrophobicity of the alkyne groups, G1 will
aggregate in aqueous solutions, and varying the temperature of the solution will allow for
size-tunability of the aggregates. By introducing dithiol compounds with photoinitiators in
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the G1 solutions, the aggregates will be crosslinked upon irradiation by UV light. By
varying the temperature of the solution, crosslinked aggregates with different sizes may be
achieved. Furthermore, if the dithiol compound contains stimuli-responsive moieties, the
aggregates can be decrosslinked by adding appropriate stimuli into the aggregate solution.

Chart 4.1 Target molecule G1.

Scheme 4.2 Synthesis of G1.

4.4 Results and Discussions
4.4.1 Lower Critical Solution Temperature (LCST) of G1
We first prepared G1 aqueous solutions of various concentrations and tested LCST
by monitoring the high tension voltage (HT) change upon increasing temperature. The HT
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voltage indicates the high tension voltage measured by the CD spectrometer (a measure of
solution turbidity). As shown in Figure 4.3a, G1 solutions with concentration from 100
µM to 2 mM all present LCST behavior, since HTs all have a sudden transition with
increasing temperature. Higher concentrations of G1 solution have lower LCST and
sharper transitions, while solutions of lower concentration exhibit a higher LCST from 15
˚C to about 20 ˚C with an unobvious transition. We chose a concentration of 500 µM for
the remaining studies in this chapter to use a small amount of G1 dendron during the
aggregate size versus temperature correlation experiments.
We then measured the sizes of 500 µM G1 aqueous solution at different
temperatures, as shown in Figure 4.3b. At low temperatures (2 ˚C, 5 ˚C and 10 ˚C) the sizes
of G1 solution are about 7 nm. By increasing the temperature to 15 ˚C, the size of G1
aggregates increased to about 400 nm. Increasing the temperature further to 20 ˚C afforded
G1 aggregate size of about 1000 nm. This observation confirmed that G1 solution has an
LCST transition.

Figure 4.3 (a) G1 solution LCST. (b) Sizes of 500 µM G1 at different temperature.
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4.4.2 Photo-Crosslinking with Dithiothreitol (DTT)
To test the hypothesis concerning the effect of crosslinking the G1 assemblies using
thiol-ene Click chemistry, we chose to first use one of the most simple dithiol compounds,
dithiothreitol (DTT), which is well suited to this experiment due to its high water solubility.
The

photoinitiator

(PI)

we

chose

is

2-hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone which also has a moderate water solubility. The reaction scheme is
shown in Scheme 4.3, in which 365 nm light was used to initiate the crosslinking reaction.

Scheme 4.3 Photo-crosslinking G1 solution with dithiothreitol (DTT).

Since each of the three alkyne groups on a G1 dendron has the potential to react
with two thiol groups, the molar ratio of G1 to DTT for a complete reaction is 1:3.
However, to ensure reaction completion, we used different G1 to DTT molar ratios (1:3,
1:6 and 1:9) with 50 w% photoinitiator to crosslink G1 assembly at room temperature (25
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˚C). We investigated the photo-crosslinking process using dynamic light scattering (DLS)
(Figure 4.4). The control sample contained no DTT and was not irradiated in the UV
chamber, and thus it is understandable that the aggregate size within the control sample
remained constant before adding organic solvent THF. The large size (about 5000 nm) may
due to the presence of atmospheric dust. Samples in which DTT was added showed size
decrease from 1000 nm to about 100 nm. To determine whether DTT crosslinked the
assembly, we used the method of adding organic solvent tetrahydrofuran (THF) to the
solution mixture. If the assembly is not photo-crosslinked, the presence of the THF, which
possesses both hydrophobic and hydrophilic compatibility, will upset the hydrophiliclipophilic balance, resulting in disassembly. This is easily confirmed via DLS data, in
which we will be able to see size decrease which indicates disassembly of G1 aggregates.
On the other hand, if the G1 assemblies are photo-crosslinked, instead of dramatically
decreasing, the size should swell. As shown in Figure 4.4, the control sample, since G1 is
not crosslinked, the size decrease to 2 nm, indicating disassembly occurred. G1 with DTT
samples showed small amount of size increase (aggregates swollen), which indicated that
G1 assembly has been successfully photo-crosslinked.
In order to test the crosslinking stability of crosslinked G1 assembly, we kept the
samples from Figure 4.4b, c, d experiments in THF solvent for 24 h and measured DLS
afterwards. Figure 4.5 showed no obvious size change after incubating in THF for 24 h,
indicating that the crosslinked assembly is stable.
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Figure 4.4 G1 photo-crosslinking by DTT (50 w% PI; 25 ˚C).

Figure 4.5 Crosslinking stability of crosslinked G1 assembly.

We also conducted similar experiments with doubled amount of photoinitiator (100
w% photoinitiator). Similar results were shown in Figure 4.6 in comparison to using 50 w%
photoinitiator.
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Figure 4.6 G1 photo-crosslinking by DTT (100 w% PI; 25 ˚C).

It is interesting that the size of assembly after photo-crosslinking decreased from
1000 nm to 100 nm after using DTT to photo-crosslink the G1 assembly with G1 to DTT
molar ratio 1:3, 1:6 and 1:9. We hypothesized that this phenomenon of size decreasing may
due to the insufficient encapsulation of DTT inside G1 assembly. As mentioned above,
DTT is very water soluble compound. For example, even though the theoretical fully
crosslinking reaction ratio of G1 to DTT is 1:3, the actual number of DTT molecules that
are accessible to alkyne groups, which are mostly buried in the hydrophobic pocket of G1
assembly, are limited in number. When shining UV light, alkyne groups begin to react with
DTT that are encapsulated inside the assembly. However due to the insufficient amount of
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DTT, the hydrophobic pockets in which the crosslinking reaction takes place quickly
exhaust the local DTT. At this point, an assembly breakup and reformation can occur due
to some of alkyne groups reacting with DTT and thus decreasing the hydrophobicity of G1
assemblies. Unreacted but initiated alkyne groups would then be rendered available to
react with DTT. If this hypothesis is true, by increasing the molar ratio of DTT to higher
amounts, we should be able to crosslink G1 assembly at its original size. As shown in
Figure 4.7, we used 1:30 and 1:90 molar ratios to ensure enough DTT is present in the
hydrophobic moiety of G1 assembly. The sizes after photo-initiation remained constant at
1000 nm instead of decreasing to 100 nm. After adding THF solvent, there were no obvious
size changes, which indicating stable crosslinking.

Figure 4.7 G1 photo-crosslinking using extra amount of DTT (100 w% PI; 25 ˚C).

We then used FT-IR to confirm successful thiol-yne Click chemistry (Figure 4.8).
The control sample showed a C-H stretch of alkyne functional group at around 3300 cm-1,
and C≡C stretch at around 2260 to 2100 cm-1. After shining UV light, both samples of G1
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to DTT of 1:3 and 1:30 molar ratio showed a disappearance of the two stretches. Instead,
broad peak at around 3400 cm-1 indicates –OH stretch from DTT molecules.

Figure 4.8 FT-IR of G1 assembly with and without photo-crosslinking.

Since G1 assembly showed LCST, by varying the temperature of the solution,
crosslinked aggregates with different sizes could be achieved. Therefore by mixing DTT
and photoinitiator with the solution and shining UV light at different temperature, G1
assembly can be “locked” at different size. For testing this hypothesis, we cooled the
solution mixture (G1: DTT 1:3; 100 w% photoinitiator) to 2 ˚C. The control sample was
not irradiated with UV light, and thus it is understandable that at 0 ˚C, the size did not show
any deviation from 10 nm. After warming the control sample to room temperature (25 ˚C),
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the size increased from 10 nm to 1000 nm due to the LCST of the non-crosslinked
assembly. Then after adding THF to the solution mixture, the size of G1 assembly
decreased to 2 nm, indicating disassembly (Figure 4.9a). The sample that was irradiated
with 365 nm UV light, shown in Figure 4.9b, showed that the assembly size increased from
10 nm to around 20 nm. Warming up the sample did not enlarge the size of the sample,
indicating a loss of LCST caused after crosslinking. After adding THF solvent to the
solution, instead of size decreasing, the size of the sample swollen to 30 nm, also is
supporting our hypothesis that G1 assembly has been successfully crosslinked at 0 ˚C with
small size.

Figure 4.9 G1 photo-crosslinking by DTT (100 w% PI; 0 ˚C).

To more directly show the morphology of crosslinked G1 assemblies before and
after photo-crosslinking, we used transmission electron microscopy (TEM) to reveal the
size variation, shown in Figure 4.10. All samples contained G1 molecules in 500 µM
concentration with DTT in G1 to DTT 1:3 molar ratio, together with 100 w% photoinitiator.
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Without crosslinking, assembly size was around 500 nm as shown in Figure 4.10a. The size
decrease in comparison to DLS data (1000 nm) may be due to the loss of water during
sample preparing. Figure 4.10b revealed a 70 nm assembly size after UV crosslinking G1
aggregates at room temperature, while Figure 4.10c shows a 20 nm assembly size after the
UV crosslinking reaction was conducted at 0 ˚C. It is very clear that we successfully
crosslinked the assembly at different temperature, yielding different sizes. Note that all
aggregates are spherical assembly with solid structure and good correlation function.

Figure 4.10 TEM images of G1 assembly. (a) Control sample without UV crosslinking. (b)
Sample crosslinked at 25 ˚C. (c) Sample crosslinked at 0 ˚C.

4.4.3 Photo-Crosslinking with Stimuli-Responsive Linker
As part of our hypothesis, if the dithiol compound contains stimuli-responsive
moieties, the aggregates can be decrosslinked by adding appropriate stimuli into the
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aggregate solution (Scheme 4.4a). In order to endow a stimuli-responsive feature to the
crosslinked G1 (X-G1), we synthesized dithiol linker molecule 1 by reacting 3mercaptopropionic acid with ethylene glycol (Scheme 4.4b). Since the linker contains two
ester bonds, it can be broken under acidic or basic conditions, or by adding an esterase,
such as PLE. We hypothesize that by adding acid, base or PLE to the crosslinked aggregate
solution, these stimuli will break the ester bonds on the linker molecule 1, resulting in
decrosslinking of the aggregates.

Scheme 4.4 (a) Design of linker containing stimuli responsive unit. (b) Synthesis of PLE
and pH sensitive linker.

To test our hypothesis, we made sample solutions containing G1: linker 1 with 1:10
molar ratio together with 100 w% photoinitiator. Without shining UV light, the G1 control
sample showed an aggregate size of around 800 nm. A dramatic size decrease was then
seen after adding organic solvent THF, which indicated disassembly of G1 aggregates
(Figure 4.11a). Figure 4.11b showed DLS data of crosslinked G1 (X-G1) before and after
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adding concentrated NaOH. Before the UV crosslinking reaction, the size of G1 assembly
was 500 nm. After shining UV light, the size decreased to about 100 nm with a good
correlation function. Adding THF solvent swelled the sample to about 200 nm instead of
decreasing it, indicating that linker molecule 1 successfully crosslinked G1 assembly. At
this point, we added concentrated NaOH and allowed the hydrolysis reaction to run for 24
h, and the assembly size increased to 1000 nm. In order to understand if the assembly was
disassembled or not, we added THF. Indeed, the size of G1 assembly decreased to less than
10 nm, which indicating disassembly of G1 aggregates.
Similarly, we used PLE to trigger G1 disassembly. After incubating the crosslinked
G1 assembly for 24 h, DLS showed size increasing to around 1000 nm with a poor
correlation function. After adding THF solvent, instead of size decreasing, the size of G1
aggregates increased to about 5000 nm. This might due to the fact that PLE is an enzyme
with size around 10 nm. Since the size of crosslinked G1 is 100 nm, it is difficult for PLE
to penetrate into the crosslinked aggregate and cleave ester bonds. Within 24 h, PLE may
only be able to break a small number of ester bonds, and thus it is understandable that the
bigger aggregates were observed. In comparison to PLE, NaOH is small molecule thus
easily penetrates inside crosslinked G1 assemblies to break ester bonds. Within 24 h, the
ester bonds can be completely cleaved, resulting in disassembled G1 aggregates.
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Figure 4.11 G1 disassembly triggered by NaOH and PLE.

4.5 Summary
Thiol-yne Click chemistry provides a fast and temperature-independent reaction
method to make stable and size-tunable supramolecular assemblies. G1 assembly, with
alkyne groups in the hydrophobic moiety, was stably photo-crosslinked by DTT through
thiol-yne Click chemistry with different, temperature-dependent sizes due to LCST of G1
assembly. With low DTT ratio, the size of aggregates decreased during photo-crosslinking
due to insufficient amounts of encapsulated DTT inside G1 assembly, resulting in assembly
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breakage and reformation. By increasing DTT ratio, G1 assembly can be locked at its
original size.
We also endowed the aggregates with a stimuli-responsive feature to the
supramolecular assembly design by attaching linking dithiol molecules with enzyme and
pH sensitive moieties to the crosslinked G1 assemblies. Preliminary data showed that we
can successfully crosslink G1 assembly at room temperature, while disassembly can be
achieved by adding stimuli (NaOH or PLE) to break the linker.

4.6 Experimental Details
4.6.1 Sample Solution Preparation for DTT Crosslinking Study
G1 stock solution was prepared with concentration 600 µM using quantitative
amount of G1 molecule and water. DTT stock solution was prepared with concentration 1
mg/0.1 mL. Photoinitiator stock solution was prepared with concentration 1 mg/0.2 mL.
Photoinitiator used in the studies in this chapter has limited solubility, thus the stock
concentration is the highest concentration it can be prepared. Sample solutions used in the
studies were prepared by mixing quantitative amount of G1, DTT and photoinitiator from
their stock solutions.

4.6.2 Sample Solution Preparation for Linker Molecule 1 Crosslinking Study
Since linker molecule 1 does not have very good solubility in aqueous solutions, in
order to have a molecular level mixture, quantitative amount of G1, linker molecule 1, and
photoinitiator were first co-dissolved in small amount of acetone solvent, then added
quantitative amount of water drop-wise. The solution mixture was left stirring and totally
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evaporated acetone solvent to yield sample solution for linker molecule 1 crosslinking
study.

4.6.3 Dynamic light scattering (DLS) Measurement
Size distributions of the assemblies were determined by Nano series Nano-ZS
(Malvern Instrument) Zetasizer. Samples were in 600 µL glass cuvettes. For measurements
involving adding THF, we carefully replaced half volume of sample solutions with same
amount of THF in glass cuvettes.
The temperature variation can be achieved by using Nano series Nano-ZS (Malvern
Instrument) Zetasizer. Lowest temperature the instrument can conduct is 2 ˚C. The highest
temperature in the studies in this chapter is room temperature; we set as 25 °C. After
placing the sample in the instrument sample chamber and the instrument reached the
measuring temperature, we set the equilibrium time 5 min to make sure the temperature of
each sample is accurate. Wipe distilled water, if any, on the outer wall of glass cuvettes to
avoid its effect on light scattering.
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4.6.4 NMR Spectrum of Linker Molecule 1
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CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS

5.1 Stimuli-Responsive Supramolecular Disassembly
Supramolecular assemblies that disassemble and release molecules in response to
stimulus have been of interest in a variety of areas including sensing, diagnostics, catalysis,
and drug delivery.

Many serious diseases either cause, or result from, local protein

imbalances in the affected vital system, and therefore drug delivery vehicles that respond to
these protein imbalances with drug release have the potential to localize the therapy in the
affected area. Selectivity in stimulus responsive disassembly is important for most of the
targeted applications, and it is therefore a versatile approach to produce a drug delivery
system in which disassembly will occur only in the concurrent presence of two or more
stimuli. Considering the decisive advantages of multi-stimuli responsive assemblies, we
addressed the challenge by designing a system that not only responds to proteins, but also
responds only in the presence of two different proteins. We have shown that: (i) by
designing an appropriate amphiphilic molecule containing a protein-specific hydrophilic
ligands and enzyme-specific hydrophobic substrates, supramolecular assemblies that
exhibit molecular release in the presence of both the complementary protein and the
enzyme, but not in the presence of either of these stimuli alone, can be achieved; (ii) the
monomer-aggregate equilibrium can be made labile in the presence and absence of the
complementary protein, thus aiding in disassembly; (iii) a fluorescent signal can be
generated by incorporating a pro-fluorophore as the hydrophobic enzyme substrate; (iv) the
fluorescence response is specific to the protein/enzyme combination; (v) by locking the
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aggregated state of the equilibrium, the protein response characteristics can be turned off,
which can then be reversed by decrosslinking the aggregate, thus making the system
responsive to a third stimulus input.
To further test the concept of dual stimuli triggered supramolecular disassembly, we
successfully synthesized two amphiphilic dendrons containing different protein-specific
hydrophilic ligands and enzyme-specific hydrophobic ligands.

The fluorescent dye

reporters were non-covalently encapsulated in the supramolecular assemblies.

Non-

covalently encapsulated dye showed more release in the presence of both the
complementary protein and the enzyme in comparison to the individual stimuli.
Mixed micelles provide a platform to obtain multi-functional systems without
complex synthetic routes. To evaluate this strategy, we prepared mixed micelle assemblies
from the two dendrons with different protein specific binding ligands, and as expected, the
mixed micelle responds to the presence of two complementary proteins as well as the
enzyme. Dye release showed more overall release with any two out of the three stimuli in
comparison to one stimulus alone. However, three stimuli did not yield more guest release,
perhaps due to the possibility that the rate determining step is the protein-ligand binding
process. By varying protein-specific ligand moieties, mixed micelle assemblies will be
endowed more complex protein responsive characteristics, which will provide the system a
wider application in protein-induced disassembly.
As a platform to test our multi-protein triggered supramolecular disassembly, we
used amphiphilic dendritic system developed by our group as the scaffold. The advantage
of this amphiphilic dendritic system are that: (1) since the synthesis is modular, it is easy to
engineer each dendron and install functional groups that are needed on the target molecule;
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and (2) each component that forms micelle-like assemblies are identical, thus it provides a
reliable system to quantify the process of the supramolecular disassembly. However, it
should be noted that our dendritic molecules, built up with aromatic repeat units, are toxic
for biological application. Therefore, the design of a supramolecular assembly system that
not only responds to multi-protein triggers but also has low cytotoxicity is one of the future
directions.
The supramolecular principles described in this dissertation are likely extendable to
a variety of stimuli and thus have potential applications in a variety of areas including
delivery and sensing. Since human bodies are oceans of proteins, this protein-induced
disassembly principle has great potential in drug delivery applications. Varying protein
specific binding ligands will endow the system responsive feature to more proteins.

5.2 Size-Tunable Nanoparticles and Stimuli-Triggered Disassembly
Robust nanoparticles are desirable for a variety of applications such as drug
delivery, diagnostics and sensing. For further applications of micelle-like assemblies in
areas such as drug delivery, where drug carriers made from micelle-like assemblies are
injected in the vein through intravenous therapy, the concentration of drug carrier will
decrease dramatically to levels far lower than the CAC of the assemblies. To solve this
problem, finding a way to stabilize the assemblies is essential for further applications of
micelle-like assemblies. To obtain stable assemblies, a crosslinking strategy was
demonstrated by using thiol-yne Click chemistry. Thiol-yne Click chemistry provides a
fast and temperature-independent reaction method to make stable and size-tunable
supramolecular assemblies. G1 assemblies, with alkyne groups in the hydrophobic moiety,
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were stably photo-crosslinked by DTT through thiol-yne Click chemistry. With a change in
temperature, the size of the assemblies proved to be tunable due to the LCST of G1
assembly. With a low DTT ratio, the size of the aggregates showed a decrease during
photo-crosslinking due to insufficient encapsulated DTT inside G1 assembly, resulting in
assembly breakage and reformation. By increasing the DTT ratio, G1 assembly can be
locked at its original size.
We also imparted a stimuli-responsive feature to the supramolecular assembly
design by utilizing a dithiol linker molecule with enzyme and pH sensitive moieties to the
crosslinked G1 assemblies. Preliminary data showed that we can successfully crosslink G1
assembly at room temperature, while disassembly can be achieved by adding stimuli
(NaOH or PLE) to cleave the linker.
The future directions will be:


To crosslink G1 assembly at 0 ˚C with a stimuli sensitive linker. By

combining the G1 assembly and linker molecule 1 with 1:10 molar ratio together with
photoinitiator 100 w%, we are attempting to crosslink G1 assembly at 0 ˚C. We are
expecting stable aggregates with smaller size. TEM will be used to directly reveal assembly
morphology.


After adding concentrated NaOH to crosslinked G1 solution, we expect

disassembly to occur. Since the size of assemblies that are crosslinked at 0 ˚C will be even
smaller, PLE triggered release may be difficult to observe if our hypothesis for incomplete
disassembly caused by PLE is true.


By increasing the molar ratio of linker molecule 1, we may be able to

crosslink G1 assembly at its original size, thus better size control can be achieved.
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Encapsulation of guest molecules can also be conducted for this system.

Using fluorescent dye molecules as report units, we can monitor encapsulation stability and
stimuli-triggered guest release process. Note that using encapsulated dye molecules and
monitoring the fluorescent signal change may be a good method to investigate size changes
during photo-crosslinking. For a valid comparison, equal amounts of dye molecules should
be added in the two samples: one with high molar ratio DTT (1:30 for example) and one
with low molar ratio DTT (1:3 for example). As follows from the data outlined in Chapter
4, samples with high amounts of DTT will crosslink the assembly at original size (1000
nm). A low DTT ratio may yield smaller size assembly (100 nm). By comparing the
fluorescence signal of this sample to the former sample, the signal change may reveal us
the happening of assembly reformation during photo-crosslinking.


Various linkers can be investigated with different stimuli responsive

moieties. As a versatile strategy, the stimuli sensitive moiety on the linker molecule could
be varied to respond to light, redox conditions, other enzyme activities, etc. For linkers that
will be cleaved by light, it is essential to choose a linker that remains intact under the UV
wavelength so that it will not be affected by thiol-yne Click chemistry. For linkers that will
respond to redox conditions, the design developed in our group involves disulfide bonds,
which can exchange under UV light. For linkers that will respond to enzymatic activity, the
problem of hydrophobic pocket size must be solved in order to promote an efficient
enzymatic reaction.


G1 molecule involves a complex synthesis scheme, and although not tested

by our group, the system has a great potential to be highly toxic due to its benzenoid
constituents. These problems limit the application of the system. Polymeric materials are
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easy to make using building blocks with low toxicity. Therefore, applying the design
concept outlined herein to polymeric materials that are more biocompatible may produce
systems with viable future applications.

5.3 Mixed Micelles Design
The mixed micelle strategy, as mentioned in Chapter 3, utilizes the rational
combination of two or more components, and allows for the concomitant integration of
multiple functionalities into a single system. By selecting and blending of structurally
and/or functionally diverse components, multi-functional micelles can be fabricated
without the need for elaborate synthetic schemes. One portion of this thesis focuses on
faster and more selective guest molecule release, and the other portion focuses on
stabilizing the host molecule. We certainly can combine the two advantages we found
through our studies into a mixed micelle design.

Chart 5.1 Mixed micelle components design.
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Take the combination shown in Chart 5.1a for example. If we can make mixed
micelles from the two molecules, and crosslink it with stimuli-sensitive linker molecule 1
in Chapter 4 for example, we hypothesize that the mixed micelle assembly will stably
encapsulate guest molecules when it is crosslinked. When adding triggers such as
concentrated NaOH, the mixed micelle assembly will be decrosslinked. Then adding
protein and enzyme stimuli will disassemble the mixed micelle and release the guest
molecule.
A more quantitative combination will be two components shown in Chart 5.1b,
where reporter unit coumarin dye is covalently attached to the mixed micelle. However, in
this design, both thiol-yne Click chemistry and coumarin dimerization will happen under
365 nm UV light, thus following by shining 250 nm UV light will convert coumarin dimer
to monomer while still leaving the mixed micelle crosslinked by stimuli-responsive linker.
Although this and the other issues outlined in these chapters may slow the journey of
dendrimeric assemblies from theory to application, the design concepts described herein
may serve to spawn new systems that can overcome these limitations, and make
macromolecular assemblies viable for application in various fields of chemistry.
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